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In a magnetically ordered state, two types of
magnetic excitations exist: gapless transverse-mode
(Nambu-Goldstone mode) and gapped longitudinal-
mode (amplitude Higgs mode) excitations. The for-
mer is well known as spin wave excitation. The
longitudinal-mode (L-mode) was observed by inelastic
neutron scattering experiments in the pressure-induced
magnetically ordered state of TlCuCl3, which is a three-
dimensional (3D) interacting antiferromagnetic (AF)
spin-1/2 dimer compound.1–3) While the L-mode has
weak intensity and spontaneously decays into a pair of
transverse-modes, it is well defined in the ordered state
in the vicinity of the quantum critical point for 3D sys-
tems.4)

As for low-dimensional systems, it is difficult to ob-
serve the L-mode in longitudinal susceptibility by in-
elastic neutron scattering, since the longitudinal sus-
ceptibility exhibits an infrared singularity that can ob-
scure the amplitude peak at a finite energy. In terms
of scalar susceptibility, however, the L-mode can be
well defined both in 2D and 3D systems. In magnetic
systems, the L-mode was actually observed by Raman
scattering experiments (which can measure the scalar
susceptibility) in the pressure-induced ordered state of
KCuCl3 and in the magnetic-field-induced ordered state
of TlCuCl3.

5–7)

According to the results of theoretical investigations
on interacting AF spin-cluster compounds, the L-mode
excitations can be observed in the antiferromagneti-
cally ordered state that appears on cooling under atmo-
spheric pressure and zero magnetic field.8) A shrinkage
of the ordered magnetic moments by quantum fluctu-
ations leads to a large intensity of the L-mode excita-
tions. If the ground state of the isolated spin cluster is
a spin-singlet state, the shrinkage of ordered moments
can be expected in an ordered state that is generated
by introducing intercluster interactions. We expect that
an interacting AF spin-3/2 dimer model can be applied
to the compound CrVMoO7, judging from its crystal
structure (Fig. 1).9,10)

We studied the magnetic properties of CrVMoO7 in
powder form, using magnetization, specific heat, elec-
tron spin resonance, neutron diffraction, and inelastic
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Fig. 1. The unit cell of CrVMoO7. An AF spin-3/2 dimer

is formed by two neighboring Cr3+ ions with a distance

of 3.01 Å.

neutron scattering measurements. An antiferromagnet-
ically ordered state appeared below TN = 26.5± 0.8 K.
The magnetic susceptibility at high temperatures was
close to that calculated for the isolated AF spin-3/2
dimer with an intradimer interaction of J = 25 ± 1 K
and g = 1.92±0.02. We were able to explain the magne-
tization curves on the basis of the interacting AF spin-
3/2 dimer model with an effective interdimer interac-
tion of Jeff = 8.8± 1 K. The magnitude of the ordered
moment was 0.73(2)µB, which is much smaller than the
classical value of ∼3µB. Using inelastic neutron scat-
tering measurements, the magnetic excitations were ob-
served, and the results were qualitatively explained on
the basis of the interacting AF spin-3/2 dimer model.
In conclusion, CrVMoO7 is a rare spin-dimer com-

pound that shows an antiferromagnetically ordered
state under atmospheric pressure and zero magnetic
field. Though we could not confirm the L-mode in this
study, the magnetic excitations of L-mode would be ob-
servable in single crystalline CrVMoO7.
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Evolution of Kr precipitates in Kr-implanted Al as observed by
the channelling method†

E. Yagi∗1 and S. Takagi∗2

It was discovered that heavy inert gases (Ar, Kr, and
Xe) implanted into metals at room temperature precip-
itate in bubbles into a solid phase (solid precipitates) in
the high-pressure state. It became possible to produce
inert gas solids at room temperature by a rather sim-
ple technique, i.e., ion implantation, without applying a
high-pressure technique, and transmission electron mi-
croscopy (TEM) became feasible. Since then, the struc-
ture of inert gas solids, which are the simplest atomic
solids, and the process from nucleation to formation of
inert gas solids have been extensively studied mainly by
TEM. TEM is very useful for investigating visible-sized
bubbles and a lot of data on their structure and be-
haviour have been obtained. For invisible small-sized
defects such as those in the initial stage of nucleation,
channelling analysis is particularly useful, because it can
provide direct information on the lattice location of im-
planted atoms.

In this study, processes from nucleation to formation
of solid Kr precipitates in Al implanted with Kr atoms
at room temperature are discussed. In previous stud-
ies, experiments were performed for four different im-
plantation doses, 1, 4, 10× 1014, and 1× 1016 Kr/cm2,
by the channelling method and/or TEM. By the chan-
nelling method, it was suggested that at low implanta-
tion doses, Kr atoms interact strongly with vacancies in-
troduced during Kr-implantation to form various types
of Kr-vacancy (V ) complexes and they act as nucleation
centres for the Kr precipitates. According to the TEM,
at a dose of 1× 1015 Kr/cm2, a number of cavities were
observed, while, at a dose of 1× 1016 Kr/cm2, the pres-
ence of epitaxially aligned fcc solid Kr precipitates with
a 1.3 times larger lattice parameter than that of Al was
observed. Between the stages of nucleation and forma-
tion of solid Kr precipitates, the initial stage of growth
of Kr precipitates to bubbles and a key process towards
the epitaxial alignment of solid Kr precipitates remain
unclear. The objectives of this study are to elucidate
such unresolved processes through a change in the site
occupancy of Kr atoms with dose and to discuss the evo-
lution of Kr precipitates from nucleation to formation of
solid Kr precipitates. Therefore, the channelling exper-
iment is extended to the specimens implanted with four
higher doses from 2×1015 to 8×1015 Kr/cm2 at intervals
of 2× 1015 Kr/cm2.

Kr-implantation was carried out at room tempera-
ture at 50 keV into Al single crystal slices. Channelling
angular scan was performed at room temperature by
Rutherford backscattering spectroscopy (RBS) with a
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He+ beam of 1.02 MeV accelerated by a tandem accel-
erator.

In the range of dose up to 2× 1015 Kr/cm2, Kr atoms
are distributed over substitutional (S), tetrahedral (T ),
octahedral (O), and random (R) sites. With increasing
dose, the fractions of T and S site occupancies decrease,
while those of O and R sites increase. The T and O
site occupancies are a result of the formation of Kr-V
complexes; a Kr atom traps four vacancies (KrV4) or six
vacancies (KrV6) to take configuration similar to triva-
cancy or pentavacancy, and is displaced to a T or an
O site, respectively. The R site occupancy is attributed
to Kr atoms associated with larger vacancy clusters. At
low implantation doses, a Kr atom interacts with vacan-
cies in its vicinity in the displacement cascade produced
by the implantation of the Kr atom itself, because the
overlapping of cascades is not significant. Such Kr-V
complexes act as nucleation centres for the growth to
Kr precipitates. With increasing dose, the overlapping
of cascades becomes significant. In the initial stage of
growth of Kr precipitates, not only existing Kr atoms
at S sites but also additionally implanted Kr atoms mi-
grate to Kr-V complexes, especially Kr associated large
vacancy clusters, to be trapped, being assisted by mobile
vacancies created by additional implantation (radiation-
enhanced diffusion of Kr atoms). Thus, the fraction
of Kr atoms associated with large vacancy clusters in-
creases, resulting in Kr bubbles, which are in the fluid
state. The fraction of the T site occupancy also de-
creases, while that of the O site occupancy increases.

At doses higher than 2 × 1015 Kr/cm2, the fraction
of the T site occupancy disappears, and that of the
O site occupancy decreases. Instead, the displaced O
(dis-O) site occupancy newly appears. This is inter-
preted as follows: small clusters of Kr atoms located
at O and dis-O sites, the latter of which are displaced
from O sites by about 0.4 Å in the ⟨112⟩ or ⟨110⟩ direc-
tion, are formed on the planes parallel to {111} planes
at the bubble-matrix interface. They are precursors for
the two dimensional growth of Kr layers in parallel to
{111} planes with ordered arrangement of Kr atoms in
the layers at higher implantation doses. With increasing
dose to 8 × 1015 Kr/cm2, bubbles, in which the pres-
sure reaches the threshold value for solidification, solid-
ify into an epitaxially aligned fcc structure. The ordered
Kr layers act as a trigger for the formation of epitaxially
aligned solid Kr precipitates. In the solidification, the
increase in the internal pressure of bubbles by absorbing
interstitials introduced during Kr implantation is impor-
tant, as reported in previous channelling studies.1)
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