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Self-radiation effects and glassy nature of magnetic transition in AmO, revealed by 7O-NMR
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The magnetic phase transition near 7y = 8.5 K in americium dioxide (AmO,) has been investigated
microscopically by means of 7O NMR. To avoid complexities arising from sample aging associated with
the o decay of 243 Am, all measurements have been performed within 40 days after sample synthesis. Even during
such a short period, however, a rapid change of NMR line shape has been observed at 1.5 K, suggesting that the
ground state of AmO, is very sensitive to disorder. We have also confirmed the loss of '7O NMR signal intensity
over a wide temperature range below 7, and more than half of oxygen nuclei are undetectable at 1.5 K. This
behavior reveals the persistence of slow and distributed spin fluctuations down to temperatures well below 7j. In
the paramagnetic state, strong NMR line broadening and spatially inhomogeneous spin fluctuations have been
observed. The results are all indicative of short-range, spin-glass-like character for the magnetic transition in this

system.
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I. INTRODUCTION

Intensive studies have been made to elucidate the electronic
properties of Actinide dioxides (AnO,, An = actinide). Their
importance stems not only from technological considerations,
but also from a fundamental interest in understanding the
basic properties of strongly correlated 5 f electrons in solids.
Among the AnO,, low-temperature phase transitions have
been discovered in UO,, NpO,, and AmO,. UO, exhibits
long-range, triple-g antiferromagnetic (AFM) order below
Ty = 30 K [1-5]. This AFM order has been found to be
accompanied by antiferroquadrupolar order, as well as internal
distortion of the oxygen cube [5—8]. On the other hand, NpO,
exhibits rather exotic order, that is, a spontaneous ordering
of octupoles (or, possibly, higher-order I's multipoles) below
To = 26 K [9-16]. In the ordered state, neither long-range
magnetic dipole order [17,18] nor structural distortion [19]
appears. Resonant x-ray scattering [12] and nuclear magnetic
resonance (NMR) [15,16] both played a critical role in
understanding this new class of ordered multipolar ground
states.

In AmO,, the magnetic phase transition near 7y = 8.5 K
is far less clearly understood compared with the other two
AnQO; systems. This transition was discovered via magnetic
susceptibility measurements more than 30 years ago [20]. It
was originally suggested to be AFM order in analogy with
the phase transition in UO,. However, such a simple picture
of AFM order was doubted after two microscopic measure-
ments appeared, i.e., **Am Mossbauer spectroscopy [21]
and neutron scattering [22]. Both measurements failed to
detect statically ordered Am dipole moments below 7. On
the other hand, the crystalline electric field (CEF) ground
state of Am** (5f°) had been suggested to be a I'; doublet
for AmO, [20,23-25]. The I'; doublet state carries only
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a dipolar degree of freedom, and thus nondipolar ordering
was not expected. Recently, however, it has been pointed
out theoretically that the CEF ground state can easily be
converted into a I'g quartet through a competition between
spin-orbit coupling and Coulomb interactions [26,27]. Since
the I'g quartet carries not only dipole but also quadrupole and
octupole moments, the possibility of multipolar ordering has
also been proposed [26-28].

However, there is another serious limitation on studies of
Am compounds that must be addressed, and which turns out
to dominate the outcome of experimental studies such as we
report in this paper. This is the strong self-radiation crystalline
disorder effect caused by a-particle decay of Am. The **Am
nuclide has a half-life of #;, = 7370 years; it decays into
an « particle and a recoiling >*’Np ion [29-31]. The light
« particle creates displacements over a long range, while the
heavy recoiling daughter ion causes severe damage in a local
region, although some of this recovers in a short time via
lattice vibrations. It has been estimated that each event creates
1000-1500 Frenkel-pair defects consisting of a lattice vacancy
and an interstitial atom. The accumulation of self-radiation
damage at room temperature results in lattice expansion over
time [32], which saturates after about 600 days for the case of
2483 AmO:..

In a previous paper, we have reported the results of 7O
NMR performed using an aged sample of *** AmO, [33]. Those
NMR data provided microscopic evidence for a magnetic
phase transition around Ty ~ 8.5 K as a bulk property of
this system. However, since our sample had already been
stored about 600 days prior to the NMR measurements, it
was necessary to assume that the crystalline state of the
aged sample had been substantially modified from its original
form. Indeed, our NMR data revealed the existence of widely
distributed hyperfine fields at oxygen sites. Thus, in the present
work, we have performed "0 NMR on a newly synthesized
283 AmO, powder sample. All NMR measurements have been
performed within 40 days after sample synthesis in an effort
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to avoid complexities that accrue from sample aging. Even in
such a short period of time, we have observed a rapid change
of the 70O NMR spectrum at 1.5 K, demonstrating that the
electronic ground state of this system is highly sensitive to
disorder. We have also confirmed substantial loss of NMR
signal intensity over a wide temperature range around Tj.
This phenomenon, known as ‘“signal wipeout,” indicates the
presence of slow spin fluctuations occurring inhomogeneously
throughout the sample. All our results display the signature of
a short-range, spin-glass-like character for magnetic ordering
in our sample of AmOs,.

II. EXPERIMENTAL RESULTS

A. Sample preparation

An '7O-enriched *** AmO, powder sample has been pre-
pared by heating >** AmN powder at 973 K in an atmosphere
of O, gas containing 90 at. % '70. X-ray-diffraction patterns
confirmed the cubic fluorite AmO; structure for our sample
material. The NMR sample — about 5.6 mg of AmO, powder,
amounting to 37 MBq — was wrapped with polyimide tape
and encapsulated in a polyimide tube using epoxy resin.
The encapsulated sample in the tube was then doubly sealed
in a Teflon capsule, again using epoxy resin. The series of
sealing procedures along with sample transportation required
13 days prior to starting NMR measurements; the sample has
been at room temperature during that period. All the NMR
measurements reported here have been performed within one
month after the sample was installed in a cryostat.

B. Aging effects

70 NMR measurements have been performed using a
phase coherent, pulsed spectrometer. The 'O nucleus has
I =5/2 with a gyromagnetic ratio yy =5.7719 MHz/T.
Field-swept NMR spectra were taken at a frequency of fxmr =
30.3 MHz with external fields of ~5 T. Spin-lattice relaxation
times 7} were measured using the saturation-recovery method.

Aging effects have been examined by comparing !’O NMR
spectra measured at temperatures of 1.5, 9, and 210 K in the
first and last stages of the investigation. Figure 1 shows the
spectra at 1.5 K on (a) the first day (about 10 h after installing
the sample in a cold dewar) and (b) after 26 days. During the
period between (a) and (b), the sample was in a cryostat where
the sample temperature was maintained mostly below 50 K.
As seen in Fig. 1(a), we have observed a hybrid spectrum
consisting of a narrow (N) and a broad (B) component on
the first day. The full width at half maximum (FWHM) of
these components is about 0.1 and 7 kOe, respectively, and
the ratio of the integrated intensity of the two components is
Iy : Ip =~ 1:9. After 26 days, on the other hand, we have
observed only the broad component of the spectrum, as shown
in Fig. 1(b). The triangular line shape with a base of ~14 kQOe,
is very similar to the one observed in our previous study on the
600-day-old aged sample [33], indicating that the internal local
fields H;, at oxygen sites are distributed very nearly randomly
from zero to a maximum value H** ~ 7 kOe.

On the other hand, as shown in Fig. 2(a), no appreciable
change was observed with sample aging in the paramagnetic
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FIG. 1. (Color online) 'O NMR spectra obtained at 1.5 K on
(a) the first day (about 10 h after installing the sample in a cold dewar)
and (b) 26 days later. The horizontal axis Hyes — Hops corresponds to
the magnitude of the internal field at '7O nuclei Hi,, where H, =
Jamr/yYn and Hops is the observing field.

state at 9 K. This was also the case at 210 K. A single,
symmetric NMR peak has been observed at all temperatures
above 8.5 K. The linewidth was found to be about half of
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FIG. 2. (Color online) (a) Comparison of field-sweep '"O NMR
spectra measured on the 1st, 8th, and 27th days of the experiment at
9 K. (b) Temperature dependence of the Knight shift K. The solid
line indicates a Curie-Weiss (CW) fit to the data with & = —70 K,
and the dotted line shows the temperature dependence of the bulk
susceptibility [20]. (c) Temperature dependence of the FWHM. The
solid line indicates a CW fit to the data in the 20-100 K temperature
range with 6 ~ 0 K, while the dotted line shows a CW fit to the data
above 100 K with 8 ~ —70 K. (d) The temperature dependence of
the ratio of the FWHM to the Knight shift, FWHM/K. The ratio is
normalized to unity at ~250 K.
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that obtained in the previous, 600-day-old sample, suggesting
that the spectrum in the paramagnetic state can also be
broadened by self-radiation damage over longer periods
of years.

The results in Fig. 1 illustrate some important points about
the nature of the magnetic state of our sample of AmO, and
how it evolves with the passage of time. The narrow line in
Fig. 1(a) is from the portion of the sample that is effectively in
a paramagnetic state, i.e., there is no sign of magnetic order.
At higher temperatures other NMR spectra are shown and
discussed, and we note with emphasis that all such spectra will
be from the paramagnetic region of the sample with linewidths
of the order of 50-100 Oe at temperatures in the vicinity of 7y
or lower. There are two other identifiable regions of the sample,
and these are also evident in Fig. 1. First, there is the region
that has entered into a spin-glass ordered state, corresponding
to the broad background lines. Such regions exhibit line
broadening that is ~two orders of magnitude greater than
the paramagnetic region. As will be discussed in greater
detail below, this large broadening effect is a consequence of
fixed Am** magnetic moments that characterize spin-glass
magnetic order. Because of their random orientation, the
cancellation of dipolar hyperfine (HF) fields that takes place
with essentially uniform induced moments in the paramagnetic
region is no longer effective. This unleashes the enormous
broadening power of dipolar fields from the enhanced 5 f-2p
hybridization that occurs in this system. A third region of the
sample is characterized by slow magnetic fluctuations of such
a nature that nearby 7O nuclear spins are relaxed too quickly
for their NMR signal to be observable. This effect is often
referred to as “wipeout” and is a major influence in our NMR
spectroscopy of AmO,. We discuss this effect in detail below,
but for the present we note that wipeout is responsible for
the lower amplitude ordered-state NMR line in Fig. 1(a) as
compared with Fig. 1(b). As the sample ages, a larger fraction
of sample volume is converted into statically ordered spin
glass at 1.5 K, so that the broad line has greater intensity after
26 days than at the beginning of the study.

C. Signal wipeout

Figure 3 shows the temperature variation of the NMR
spectra between (a) 30 and 12 K and (b) 12 and 4.2 K,
respectively. In order to compare their relative intensities over
a range of temperatures, the signal intensity of each spectrum
is normalized to a constant Boltzmann factor 1/ 7 for nuclear
polarization. With decreasing temperature, the height of the
spectrum is suppressed but the width is increased between
30 and 12 K. On the other hand, amplitude suppression
occurs without spectral broadening below 12 K. Thus, we lose
significantly more NMR signal intensity below 12 K. Some
of the intensity loss is to wipeout and some is to the broad
spin-glass NMR line.

In Fig. 3(c), we plot the temperature dependence of the
integrated spectral intensity (/) multiplied by temperature (7).
Intensities / are obtained by integrating each region of the full
spectrum after making 7, corrections to signal amplitudes.
T, corrections are required for all pulsed NMR experiments,
since the observation occurs at a finite time after the rephasing
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FIG. 3. (Color online) Comparison of the NMR spectra obtained
at several different temperatures between (a) 30 and 12 K and
(b) 12 and 4.2 K, respectively. In order to compare the relative inten-
sity among different temperatures, the signal intensity is normalized
to a constant Boltzmann factor 1/ 7. (c) Temperature dependence of
the integrated spectrum intensity (/) multiplied by T'. The data were
taken on the 1st and 26th days in our experiment. The inset shows the
behavior between 2 and 8 K in more detail.

rf pulse. Thus, the measured signal should be extrapolated
back to its maximum initial value.

After T, corrections, the product /T is proportional to the
number of nuclei observed, and hence should be temperature
independent. However, loss of the normalized intensity /7 has
often been observed in NMR experiments. A major mechanism
for such losses is a dramatic shortening of 75. Thus, 7, for some
fraction of the nuclei becomes shorter than the dead time of
the spectrometer (typically ~a few microseconds), so that one
cannot correct for this by extrapolating the signal intensity
back to zero. For nuclei whose signal is lost in this way, the
signal is said to be “wiped out.”

As seen in Fig. 3(c), the loss of IT starts gradually below
20 K, then increases drastically below 7 ~ 12 K. Signal
intensity partially recovers as the broad spin-glass NMR line
at the lowest temperature of 1.5 K, but there more than half of
the oxygen nuclei are not detected. Interestingly, we have also
observed a small but distinct aging effect for /T below 6 K,
as seen in the inset of Fig. 3(c). For the first cooling, the sharp
NMR line, accompanied with a very tiny broad component, has
finite intensities over the whole temperature region, although
its amplitude was drastically reduced at temperatures below
8.5 K. At ~1.5 K, IT recovers slightly up to ~25%, due
entirely to the broad component. For the second cooling
after one month, however, the sharp NMR signal disappeared
completely around 4 K. On the other hand, at 1.5 K the broad
component recovers more rapidly and /7T reaches ~45% of
its high-temperature value.
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D. Knight shift and FWHM

In Fig. 2(b), we plot the temperature dependence of the
Knight shift determined from the position of the spectral peak.
In the AnO, series, owing to the local tetrahedral symmetry at
O sites, direct dipolar HF fields from the four nearest-neighbor
Am** moments all cancel out in the paramagnetic state. The
5f-2p hybridization transfer between Am and O orbitals
therefore has no effect on the shift and may affect the linewidth
only through crystalline disorder. The ample Knight-shift
effect must therefore originate through a small hybridization
spin transfer 5f-3s. Although this is undoubtedly much
smaller than the spin transfer to the oxygen 2p orbitals, its
effect is substantial, because the s-contact HF field is quite
large and because contributions from the four nearest-neighbor
Am** ions add linearly with no cancellation. A very small
and weakly 7-dependent Knight shift has been observed in
both UO, and NpO; [5,15]. Those results indicate that the
orbital hybridization is relatively much smaller in these early
members of the series. The present results are consistent with
a recent theoretical calculation that has predicted a rapid
increase of orbital hybridization associated with 5f-O 2p
orbital energy degeneracy in the middle members of the
dioxide series, PuO,, AmO;, and CmO; [34]. We suggest that
the s-contact hybridization would be proportionately larger as
well. The negative Knight-shift value reveals the negatively
polarized character of the s-contact spin transfer to O orbitals,
originating from the Hund’s rules ground state of ®Hs , for Am
5 f electrons (J = L — §).

The solid line in Fig. 2(b) shows a fit to a Curie-Weiss (CW)
law, K = C/(T — 0) with 6 = —70 K. The CW behavior is
consistent with a localized picture for the Am 5 f moments,
where the negative 6 value indicates that exchange coupling
between the 5f moments is AFM in character. In the same
figure we also plot the temperature dependence of the bulk
susceptibility (dotted line) reported in Ref. [20]. The Knight-
shift behavior is scaled to the bulk susceptibility x(7") above
40 K, but shows a clear deviation below that temperature. From
the scaling behavior, we can estimate the hyperfine coupling
constant to be A = —9.4 kOe/u g. This value is much larger
than those obtained in UO, and NpO,, confirming a larger
s-contact transferred HF field. The failure of K(T') to follow
x(T) below T ~ 40 K is attributed to the loss of 70 NMR
signal in regions of the sample that yield the highest magnetic
polarization at these temperatures (see discussion of wipeout
effects above).

Figure 2(c) shows the temperature dependence of the
full width at half maximum (FWHM) in the paramagnetic
region. Above 200 K, the FWHM is only about 10 kHz,
which is comparable with that obtained for UO, and NpO,
at similar fields and temperatures [35], and hence, confirms
the high quality of the present AmO, sample. With decreasing
temperature, the FWHM increases rapidly below 100 K and
shows a maximum around 14 K. The FWHM above 100 K can
be fitted to the CW law with 6 ~ —70 K; the same value
as for the Knight shift. On the other hand, the CW fit to
the data in the 20-100-K temperature range gives a value
0 ~ 0 K. Interestingly, the FWHM shows a better scaling with
the bulk susceptibility over a wide temperature region than
the shift. In Fig. 2(d), we plot the ratio of the FWHM to the
Knight shift against temperature. The ratio is nearly constant
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at higher temperatures, but strongly enhanced at temperatures
below 100 K. The faster increase of the linewidth compared
with the Knight shift suggests the development of spatial
inhomogeneity in the static susceptibility at low temperatures.
Over a similar temperature range, we have also observed the
development of dynamical inhomogeneity, as discussed in the
next section.

E. Dynamical inhomogeneity

The development of the dynamical inhomogeneity has
been confirmed by measuring the nuclear spin-lattice and
spin-spin relaxation rates, 1/7; and 1/7; at several different
positions on a broadened spectrum, as shown in Fig. 4. In these
measurements, we chose a relatively long excitation pulse
of 100 pusec in order to excite a relatively narrow spectral
bandwidth of about 10 Oe, which is a small fraction of the
full width ~100 Oe of the spectrum. The relaxation of nuclear
magnetization within such narrow ranges was found to exhibit
an exponential decay for 71 and T,. The lack of appreciable
spectral diffusion indicates that the line broadening is local
in character, i.e., neighboring 7O spins are detuned from one
another. As seen in Fig. 4, both 1/7; and 1/7, successively
increase with increasing | K|, and become the largest at the
edge of the spectrum where |K| has the largest value. This
confirms the existence of spatially inhomogeneous HF field
fluctuations, linked with the NMR line broadening near 7.

It might be not very surprising that the distribution of static
hyperfine fields causes a distribution of HF field fluctuations.
However, we emphasize that further development of the
dynamical inhomogeneity with different strengths of magnetic
correlations exists in this system. This has been suggested
by highly contrasting 1/7} behaviors observed at different
points in the spectrum, as shown in Fig. 5. Above 8.5 K,
we measured 1/7; at two different positions corresponding
to KL =09 x K and Ky = 1.2 x K (see Fig. 4; K is the
Knight-shift value determined from the peak position for each
spectrum). Below 40 K the behavior of 1/T is very different
at Ki and Ky. We have observed flat 1/7; behavior at Ky,
(1/Ty,1), as expected from a relaxation process generated by
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FIG. 4. (Color online) The K dependence of the nuclear spin-
lattice relaxation rate 1/7; and of the spin-spin rate 1/7, at 14.5 K.
The dotted lines at K}, = 0.9 x K and Ky = 1.2 x K correspond to
the positions on the spectrum profile (circles) where the temperature
dependence was measured (see text and Fig. 5).
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FIG. 5. (Color online) Temperature dependence of 1/7;. Above
8.5 K, 1/T) has been measured at two different shift values
corresponding to K. = 0.9 x K and Ky = 1.2 x K. Below 8.5 K,
we measured 1/7; for the narrow (N) and broad (B) portions of
the spectrum (see Fig. 1). For the broad spectrum, which exhibits
a spectrum of decay rates, we plot the shortest and longest 7;
components present.

the fluctuations of exchange-coupled local moments. On the
other hand, 1/7; behavior at Ky (1/7) ) shows an upturn
with decreasing temperature and shows a maximum around
10 K, just above Ty. This behavior is attributed to slowing
down of the fluctuating moments and thus is associated with
a magnetic transition. However, the upturn is rather broad
and small compared to that observed for the uniform AFM
transition in UQO,, although both compounds show a sharp
drop in 1/T) below the transition. Critical slowing down of
magnetic fluctuations in UO, causes a very sharp and strong
peak in 1/T) just above Ty [5]. 1/T) 1 and 1/T; y merge
into the same value at higher temperatures, indicating that
dynamical inhomogeneity only develops below ~40 K. The
magnetic transition at 7 ~ 8.5 K is suggested to be of a
spin-glass nature.

In the ordered state below Ty = 8.5 K, we have measured
1/ T, for the narrow and broad components of the spectrum
(see Fig. 1). 1/T; for the narrow component, (1/7}),, is
temperature independent and connects smoothly to the flat
Ty behavior at Kp. This strongly suggests that the narrow
component of the spectrum arises from nuclei remaining
in the paramagnetic state (no magnetic gap). On the other
hand, the recovery of the nuclear magnetization of the broad
component (1/77), shows nonexponential behavior; in this
case we have extracted the shortest and longest 77 components
from the recovery at each temperature. As seen in Fig. 5,
the long component is suppressed rapidly with decreasing
temperature below Ty, suggesting the opening of a magnetic
excitation gap in this region. In contrast, the short component
converges to a constant value at low T, suggesting that in that
region magnetic fluctuations persist to well below the magnetic
ordering temperature.

From the 1/T) behavior in Fig. 5, it is suggested that
there are two different regions in our sample, that is, one
in the paramagnetic state [1/7; ; and (1/7}),] and another
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with random-orientation spin freezing or randomly oriented
AFM clusters (a cluster spin glass) [36,37] [1/T) g and
(1/Ty)v]. However, the interpretation is more complex than
this, since the wipeout region dominates a major fraction of
the sample volume below 6 K, as discussed in the foregoing
section. Therefore, we should consider that (1/7}), and
(1/Ty), obtained here only represent the spin dynamics in
two particular regions where magnetic correlation develops
most rapidly and slowly, respectively, in our sample. We will
discuss this point in detail below.

III. DISCUSSION

The NMR signal wipeout observed here is attributed to a
dynamical effect, a dramatic shortening of 75. In general, 7,
reflects the irreversible dephasing of the nuclear spins during
spin-echo formation. This dephasing can be caused by the
dipolar interaction between nuclear spins and/or dynamic hy-
perfine coupling with electronic spins. 7, decay by the former
process is temperature independent in a stable environment.
Under a magnetic transition, the dynamic spin-spin relaxation
cannot be inhibited by magnetic detuning of neighboring spins.
Dynamic T, relaxation via HF coupling with atomic magnetic
moments is a likely mechanism in a disordered magnetic
system such as a spin glass.

In terms of the spectral density of the fluctuating hyperfine
field at zero frequency, 1/7, via the latter process may be
expressed as [38]

1/T> = y(hl)e(T), (1

where yy is the nuclear gyromagnetic ratio of the observed
nuclei, %, is the local longitudinal fluctuating hyperfine field
at the site of the nucleus, and 7 is the correlation time of
the electron moment fluctuations. Equation (1) is valid in the
fast motion limit, i.e., yn((h2))!"/>* < 1. On approaching a
magnetic transition, t(7") increases rapidly and hence 7, can
shorten dramatically. NMR signal wipeout then occurs when ©
reaches a critical value t; where the time scale of 7, becomes
shorter than the dead time of the spectrometer, i.e., less than
several microseconds (e.g., 7; is about 10~ sec with a typical
value of (hg) ~ 10! T). With further decrease of temperature,
7(T) enters the slow motion regime, yn((h2))"/? < 1/7. In this
regime, T, increases with increasing 7(7'), and the NMR signal
can again become observable if 7(7") exceeds another critical
value 1, where 7, ~ T> ~ 107° sec. Between 7; and 1, the
NMR spin echo is undetectable due to its extremely short
T» value.

In a crystalline magnet, long-range magnetic correlation
develops homogeneously over the entire sample volume. 7(7")
for all the nuclei then passes through the critical region of
the wipeout rapidly, so that the loss of NMR signal occurs
only in a very narrow temperature region. On the other
hand, if only short-range magnetic correlations appear in
the sample, then the fluctuation spectrum will be distributed
over a wide frequency range. In addition, owing to the
short-range character of the correlations, slow spin fluctuations
will generally persist down to very low temperatures. As a
result, signal wipeout will then occur over a relatively wide
temperature range. Strong wipeout effects have been observed
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FIG. 6. (Color online) A hypothetical temperature dependence
for the fluctuation spectrum in AmO,.

in classical spin-glass systems [39—41] and the stripe-ordered
cuprates [42-45], etc.

Signal wipeout indeed appears over a wide temperature
range in AmQO,, demonstrating the short-range, inhomoge-
neous character of the magnetic transition. Figure 6 illustrates a
hypothetical temperature variation of the fluctuation spectrum
expected from the /T and 7; behaviors. Here we have assumed
a simple Lorentzian distribution for the fluctuation spectrum.
At temperatures decreasing below 40 K, the fluctuation
spectrum gradually broadens and shifts to lower frequency.
Around 20 K, the tail of the fluctuation spectrum reaches
the critical region for wipeout and the loss of the NMR
signal begins among the most vulnerable nuclei and spreads
throughout the sample. The spectrum is also broadening
with decreasing temperature, leading to drastic NMR signal
loss in the wipeout region below Tj. Finally, at 1.5 K the
fluctuation spectrum becomes so wide that its tails cover
both the “paramagnetic (t < t;)” and “ordered state (t > 13)”
regions. As a result, we observe a hybrid spectrum consisting
of the narrow and the broad components, even though most of
nuclei are still in the wipeout region.

Pursuing this picture, we can also understand the aging
effect on the NMR spectrum at 1.5 K rather simply as being
caused by a small shift of the fluctuation spectrum to lower
frequency. As shown in Fig. 6, such a shift decreases the
paramagnetic signal, while increasing the ordered state signal,
although many of the nuclei are still in the wipeout region.
This result implies that the self-radiation damage effect tends
not to weaken, but to stabilize the magnetic ordering in this
system.

So the magnetic order in our AmO, sample is characterized
as a kind of “disorder-induced” spin-glass magnetism. To un-
derstand this disordering process, we need detailed knowledge
of the self-radiation damage expected to accumulate as our
sample ages. As noted above, each event of the « decay creates
1000-1500 Frenkel-pair defects at room temperature, so that
from the 2> Am half-life of #;, = 7370 years, we can estimate
the number of the pair defects that accrue during the first
13 days to be 0.013-0.020 Frenkel pairs per unit cell. This
number corresponds to only one pair defect per 50-75 unit
cells on average.

At low temperatures, however, an even faster accumulation
of the pair defects is anticipated, since the self-annealing
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effect by thermal diffusion processes is strongly suppressed.
Indeed, x-ray-diffraction measurements on 2**AmO, yielded
a stronger lattice expansion, on the order of days, below
170 K [32]. Furthermore, unexpected broadening of the
diffraction lines has been also observed below about 200 K.
This broadening occurs reversibly and within a short period,
on the order of an hour, suggesting that there is a much
faster, but unknown, self-radiation damaging process in effect
over a relatively wide range of samples. It has been inferred
that such a process involves dislocations, such as rapid
expansion of lattice strains around pair defects. The glassy
nature of the magnetic transition might be related to such
an unknown dislocating process. Further investigation of the
self-radiation process (defects and strains), in particular in the
low-temperature range, will be needed.

IV. SUMMARY

170 NMR measurements have been performed on a newly
synthesized >** AmO, powder sample. We have observed (i) the
development of spatial inhomogeneity for static and dynamical
susceptibilities in the paramagnetic state, (ii) signal wipeout
in a wide temperature range below ~12 K, and (iii) a much
broader NMR spectrum with a randomly distributed hyperfine
field at the lowest temperature of 1.5 K. The results are
all indicative of short-range, spin-glass-like character for the
magnetic transition in this system. A fraction of the Am
moments order in short-range and inhomogeneously created
small clusters, while, in greater part, slow and distributed
spin fluctuations persist down to very low temperatures. We
have also observed a rapid change of the NMR line shape
over the short-time interval of one month at 1.5 K. This can
be understood by assuming a small shift of the distributed
fluctuation spectrum to lower frequency to occur via sample
aging.

Our NMR results clearly demonstrate that the electronic
ground state of AmQO, is extremely sensitive to disorder. On
the other hand, we should not conclude that the spin-glass
style of magnetic ordering observed here is “intrinsic” in this
system. The present experiments were conducted over a time
span of a few weeks after sample synthesis, and it seems that
the radiation damage in that time interval is already enough
to strongly impact the ground-state properties. It should also
be remarked that, since Am** is a Kramers ion with an odd
number of 5 f electrons, AmO, should somehow be ordered
magnetically in the ground state. The Curie-Weiss temperature
6 = —70 K from Knight-shift measurements indeed evidences
that the system possesses substantial AFM exchange coupling
between Am dipolar moments. Nonetheless, the slow Am
moment fluctuations persisting down to very low temperatures
is emblematic of the importance of magnetic frustration,
possibly originating from the fcc structure of Amions [46]. The
fcc structure is known to be the simplest structure for a geomet-
rically frustrated three-dimensional antiferromagnet [47-50].
Frustration often leaves the system fluctuating over a wide
temperature region above the transition temperature. Such an
effect might also be responsible for the broad 1/7; maximum
above Tj.

In this context, it is remarkable that the NMR behav-
ior reported here for AmO, is very similar to that of a
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geometrically frustrated antiferromagnet NiGa,S,. In the latter
system the Ga NQR signal intensity gradually decreases with
decreasing temperature and disappears (i.e., is wiped out)
below ~10 K, where the magnetic susceptibility shows a
broad maximum [51]. With further decrease of temperature,
extremely broad NQR spectra with a randomly distributed
hyperfine field were observed below 2 K and almost half of
Ga nuclei are undetectable due to the persistence of slow spin
fluctuations, similar to our findings for AmO,. NiGa,S, is
a two-dimensional triangular-lattice antiferromagnet, where
geometrical frustration stabilizes the low-temperature spin-
disordered state with slow dynamics [52]. Spin liquid for-
mation has been proposed to be the origin of such exotic
behavior [52,53]. The low-temperature magnetism of NiGa, Sy
is also found to be extremely sensitive to both impuri-
ties and crystal imperfections [52,54,55]. We propose more
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comprehensive studies, with special monitoring of sample ag-
ing effects by specific heat, magnetic susceptibility, Mossbauer
spectroscopy, and neutron scattering, in order to understand the
unconventional electronic ground state of AmO,.
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