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Nuclear quadrupole relaxation was observed for extremely dilute 140Ce ions implanted in highly oriented
pyrolytic graphite by means of the time-differential perturbed angular correlation technique. The temperature-
dependent relaxation of the directional anisotropy implies a thermally activated motion of the probe nuclei
relative to the extranuclear field with the activation energy of 0.029�3� eV. As regards the electronic property,
it is strongly suggested from a measurement under an external magnetic field that the 140Ce ions in motion are
in the state of Ce3+.
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I. INTRODUCTION

Interaction between metal and carbon atoms in matter is
one of the most important and intriguing subjects in current
condensed matter physics and chemistry. Because com-
pounds of such systems, represented by organometallic com-
pounds and graphite intercalation compounds, have great po-
tential for a wide variety of technological applications, their
structural and electronic properties have been extensively
studied with various spectroscopic techniques.1 In addition to
those static properties, information on the dynamic aspects of
their interactions can also be a great help to provide insight
into the interacting nature between metal and carbon atoms.
In recent years, we have worked on physical properties of
endohedral cerium fullerenes, successfully observing in-
tramolecular dynamic motion of the encapsulated Ce atoms
relative to the ambient carbons forming a spherical cage
structure.2,3 In a subsequent work for Ce-implanted granular
diamond, however, a static Ce-carbon interaction was ob-
served to the contrary.4 It is obvious from these experimental
results that the behavior of Ce ions differs appreciably de-
pending on the structure of the host material.

Relative to these contrasting observations, it is interesting
to see what happens if Ce atoms are introduced in graphite,
another form of carbon allotropes. As regards dynamics of
intercalants, for instance, Zabel et al. succeeded in observing
diffusion of intercalant alkali-metal atoms �Li, K, Rb, and
Cs� in graphite by the quasielastic neutron scattering tech-
nique, estimating the diffusion constants and activation ener-
gies for each of the atoms.5 They reported the dependence of
those values on the metal atom concentration, which is char-
acterized by their stage index n �n�1�. Considering the con-
centration dependence of the mobility of intercalant metal
atoms, it is also interesting to examine the case for the ex-
tremely dilute limit, which may lead to understanding part of
the intrinsic nature of graphite intercalation compounds.

From this point of view, in the present work, we have
studied the behavior of isolated Ce isotopes, 140Ce, as impu-
rities implanted in a sheet of highly oriented pyrolytic graph-

ite �HOPG� by means of the time-differential perturbed an-
gular correlation �TDPAC� method. This technique is a
powerful spectroscopy for investigation of condensed matter
physics as well as nuclear physics.6,7 It provides invaluable
microscopic information on local fields in matter through
hyperfine interactions between probe nuclei and the sur-
rounding spins and charge distribution. By observing the
time-variant directional anisotropy of � rays emitted by the
disintegration of the excited nuclei of the probes, we can
obtain direct information concerning the extranuclear field;
that is, this method allows evaluating the magnitude of the
hyperfine magnetic field and electric field gradient �EFG� at
the site of the probe nucleus, and/or even the nuclear relax-
ation time, which reflect the local magnetism, structure, and
dynamics of the host material.8 Another notable advantage is
that the TDPAC method can provide onsite information
about certain isotopes which are difficult or even impossible
to be investigated by other spectroscopies, because of the
feasibility of selecting suitable nuclear states having inherent
electromagnetic moments. Cerium-140 is typical of those
isotopes. Because the nuclear spins at the ground states of
the stable Ce isotopes are zero, nuclear magnetic resonance
and nuclear quadrupole resonance methods, for instance,
cannot be applied with the element.

Taking these advantages of this spectroscopy, the dynamic
nature and electronic property of the implanted Ce ions are
discussed based on the attenuating trend of the directional
anisotropy of observed perturbation functions. In the present
paper, we propose that the observed nuclear quadrupole
relaxation be caused by a thermally activated dynamic
motion of the probe Ce ions.

II. EXPERIMENT

A sheet of HOPG with a size of approximately 6 mm �
�1 mm was stuck on a Teflon-sheet backing of 10�10
�1 mm3, and then attached to the ion beam collector
equipped at the isotope separator on-line installed at Kyoto
University Reactor �KUR-ISOL�. Fission products derived
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from an enriched 235U target in the chamber were rapidly
transported into the ion source equipped outside the reactor.
After surface ionization, they were accelerated by the accel-
eration voltage up to 30 kV and were mass separated by the
analyzer magnet. The ion beam of interest, 140Cs, was reac-
celerated by the acceleration voltage of 70 kV and was kept
implanted in the HOPG sample for approximately 30 h. The
number of the implanted 140Cs atoms was estimated to be
approximately 1.6�1011 in total. Detailed description and
schematic diagrams of the system of KUR-ISOL appear
elsewhere.9,10 The probe nucleus 140Ce is generated through
the disintegration process shown in Fig. 1.11 It was confirmed
by a �-ray spectrum of the implanted sample that the projec-
tile was well isolated in the mass-separation process.

The irradiated sample underwent a heat treatment at
873 K for 2 h in an atmosphere of argon gas flow at a rate of
1.5 L min−1. After radioactive equilibrium between 140Ba
and 140La was achieved, TDPAC measurements were per-
formed at various temperatures from 10 K up to 773 K for
the probe 140Ce on the 329–487 keV cascade � rays with the
intermediate state of I�=4+ having a half-life of 3.5 ns. In
the present work, the directional anisotropy of the angular
correlations of the cascade � rays was observed at � /2- and
�-radian directions with a conventional four-detector system.
Apart from the measurements above, we carried out TDPAC
measurements at 298 K under an external magnetic field of
Bext=0.84 T applied perpendicular to the detector plane.
Since HOPG is a pseudosingle crystal with the c axis normal
to the graphite layers, it was expected that a sample-to-
detector configuration dependence might appear in TDPAC
spectra, as observed for another experiment performed with a
different probe.12 The sample was therefore placed in two
different directions toward the detector plane so that the two-
dimensional layers would be parallel to the detector plane
�configuration I�, and that the layers would be perpendicular
to the detector plane, in which each detector is directed so as
to face the HOPG layer at � /4 radians �configuration II�, as
depicted in Figs. 2�a� and 2�b�, respectively. For the coinci-
dence detection, BaF2 scintillation detectors with 1.5 in. �
�1 in. pure crystal were adopted; the time resolution of the
present system was estimated to be 500 to 600 ps based on

the full width at half maximum of the peaks for prompt
coincidence. As regards solid angle correction for the �-ray
detection, this work followed a method developed by Law-
son and Frauenfelder.13

III. RESULTS AND DATA ANALYSIS

If the principal axis of the EFG at the probe nucleus site is
oriented to a certain fixed direction in the laboratory system,
there should be a sample-to-detector dependence in the time
evolution of the directional anisotropy in the case of static
electric quadrupole interaction, as has been observed in the
TDPAC measurements with another probe implanted in
HOPG.12 In the present case of I=4, the perturbation factors
for a single crystalline sample are then theoretically deduced
for different orientations of the principal axis of axially sym-
metric EFGs around the c axis of HOPG as

G22
11�t� =

1

462
�10 cos�3�Qt� + 81 cos�9�Qt� + 175 cos�15�Qt�

+ 196 cos�21�Qt�� �1�

and

G22
22�t� =

1

231
�50 + 90 cos�12�Qt� + 63 cos�24�Qt�

+ 28 cos�36�Qt�� , �2�

where G22
NN�t� represents the time-differential perturbation

factor, t the time interval between the emissions of the cas-
cade � rays, and �Q the nuclear quadrupole frequency re-
lated to the principal axis of the EFG, Vzz, by

�Q =
eQ�Vzz�

4I�2I − 1��
. �3�

Here, Q �=0.35 �7� b for the relevant case11� is the nuclear
quadrupole moment of the intermediate state. Because of the
angular dependence of the spherical harmonics, N=1 for the
case that the principal axis of the EFG is parallel to the
detector plane, directing at an angle of � /4 radians with
respect to each detector, and N=2 for the EFG axis being
perpendicular to the detector plane. Data processing to de-
duce the time-variant directional anisotropy with the follow-
ing simple arithmetic operation,

FIG. 1. Simplified decay scheme of 140Ce formed in the disin-
tegration of 140Cs.

FIG. 2. Schematic configurations of the HOPG sample and BaF2

scintillation detectors.
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R�t� =
2�N��,t� − N��/2,t��
N��,t� + 2N��/2,t�

, �4�

gives R�t��A22G22
11�t� and R�t��A22G22

22�t� for the above
cases of N=1 and N=2, respectively. Here, A22 denotes the
angular correlation coefficient and N�	, t� is the number of
the coincident events observed at an angle, 	. Figure 3 shows
simulated perturbation patterns for the fixed values, A22
=−0.125 and �Q=5�107 rad s−1, as functions of the time
interval between the cascade �-ray emissions. An apparent
configuration dependence can be seen in the way of time
evolutions. Observed TDPAC spectra of 140Ce for the mea-
surements at 10 and 298 K are, however, completely differ-
ent from the above expectation, as shown in Fig. 4. One can
see little configuration dependence in the spectra at both tem-
peratures in spite of the different c-axis orientations against

the detector plane. It is also obvious in Fig. 4 that the per-
turbation functions show a gradual relaxation having little
oscillating structure. In the present work, therefore, we treat
all the data as those for a polycrystalline sample hereafter.
�As a cause of the little configuration dependence, it is con-
ceivable that the probe ions reside in defects presumably
produced by annealing. However, we actually carried out
TDPAC measurements at various temperatures for the same
HOPG sample before annealing as well, and have found that
the TDPAC spectra show no discernable distinction from the
ones obtained after the thermal treatment. It is considered
therefore that the production of defects by the annealing, if
any, does not affect the experimental results.�

In Fig. 5 are shown TDPAC spectra obtained at a tem-
perature range of 200–773 K for configuration II, which was
selected for analysis and discussion because of better count-
ing statistics than those of configuration I. For each spec-
trum, an exponential-type attenuation in the directional an-
isotropy can be observed. In spite of relatively fast

FIG. 3. Simulated time-differential perturbation patterns on the
assumption that the probe is in a single crystal. The nuclear quad-
rupole frequency is assumed to be �Q=5�107 rad s−1. The angular
correlation coefficient is fixed to the value of A22=−0.125. For the
explanation of the two lines, see the text.

FIG. 4. TDPAC spectra of 140Ce in HOPG at 10 and 298 K. The
roman numerals in the figures correspond to the sample-to-detector
configurations in Fig. 2.

FIG. 5. TDPAC spectra of 140Ce in HOPG at various tempera-
tures. All the spectra are fitted with Eq. �6�. As an example, the
contribution from the second component is shown by a dotted line
in the 298 K spectrum.
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attenuation especially at low temperature, however, the an-
gular correlation does not become isotropic completely even
after considerably long elapsing time at the intermediate
state of the cascade �-ray emissions. Because it is impossible
to fit each spectrum with a single decaying component, we
thus regard all the spectra as consisting of two different com-
ponents: The first one decays exponentially and the second
makes a backgroundlike plateau. Since the second compo-
nent shows a slight attenuation of the anisotropy having little
temperature dependence in the present temperature range, we
assume a very weak static electric quadrupole interaction for
this component14 as those experimentally observed for some
inorganic compounds.15–20 For a polycrystalline sample, the
static time-differential perturbation factor, G22

static�t�, for the
present case of I=4 is explicitly expressed as

G22
static�t� =

1

5
�1 + 2G22

11�t� + 2G22
22�t��

=
1

1155
�331 + 10 cos�3�Qt� + 81 cos�9�Qt�

+ 180 cos�12�Qt� + 175 cos�15�Qt�

+ 196 cos�21�Qt� + 126 cos�24�Qt�

+ 56 cos�36�Qt�� , �5�

in the limited case for an axially symmetric EFG produced at
the probe nucleus by the surrounding charge distribution. By
fixing the �Q for the second component to the optimized
average value, 1.5�106 rad s−1,21 least-squares fits were per-
formed by

R�t� = A22�f exp�− 
t� + �1 − f�G22
static2�t�� . �6�

Here, f is the fraction of the first component and 
 is the
relaxation constant. The superior numeric 2 in the perturba-
tion factor, G22

static2�t�, denotes the second component. We em-
ployed a fixed value for the angular correlation coefficient,
A22=−0.125, for the fits of all the spectra, which was experi-
mentally determined in our previous work4 for the present
detection system in order to quantitatively discuss the relax-
ation rate of the directional anisotropy. The fraction of the
first component was around 60% for all the spectra.

IV. DISCUSSION

A. Origin of the nuclear relaxation

As shown in Fig. 5, gradual attenuation of the directional
anisotropy is manifest for this temperature range. Two differ-
ent mechanisms are conceivable for the interpretation of the
relaxation phenomenon: �a� An ensemble of multiple compo-
nents of different static EFGs and �b� a dynamic perturbation
acting on the probe nucleus through the fluctuation of the
extranuclear field. As to the first candidate for the relaxation
mechanism, simulated perturbation functions of widely dis-
tributed nuclear quadrupole frequencies were tentatively
drawn for wide ranged centroid values. None of them repro-
duce the data, however, except for the case that unusual field
broadening is assumed. Even if we accept the fit with a huge
distribution, it is still difficult to rationalize the temperature

dependence of the relaxation rate because the observations
are opposite to an intuitive understanding that the field aver-
aging should be attained as temperature becomes higher.

We accordingly assign the origin of the nuclear relaxation
phenomenon to the dynamic perturbation from the extra-
nuclear field. This interpretation is based on the diffusion
approximation theoretically formulated by Abragam and
Pound:22 The directional anisotropy shows exponential relax-
ation, as expressed for the first component in Eq. �6�, with a
time-differential perturbation factor,

G22
dynamic�t� = exp�− 
t� , �7�

when the correlation time of the extranuclear field is suffi-
ciently shorter than 1/�Q. It is evident from this point of
view that the temperature dependence of the relaxation rate
suggests a thermally activated motion of the probe nucleus
relative to the extranuclear charge distribution. From the fol-
lowing circumstantial evidences, �i� incident Cs+ ions im-
planted in HOPG are reported to be intercalated between the
graphite basal planes23 and �ii� jumping diffusion of alkali-
metal atoms has been observed for graphite intercalation
compounds,5 we can infer that the present observation also
suggests a thermal motion of the implanted impurities among
potential wells of the graphite substrate. The relaxation rate
rises as temperature falls down, which signifies that the re-
orientational motion of the EFG at the probe becomes slow.

For detailed investigation of the temperature dependence
of the relaxation rate, the relaxation constant, 
, of the first
component was plotted as a function of a reciprocal tempera-
ture in Fig. 6. A least-squares fitting was carried out for the
plotted points assuming an Arrhenius-type equation


 = A exp� Ea

kBT
� , �8�

where Ea denotes the activation energy, which was optimized
to be 0.029�3� eV. The Ea value �0.029�3� eV� of the relax-
ation constant hence corresponds to the activation energy for
the dynamic motion of the probe nuclei, because the 
 is
regarded to be proportional to the correlation time, �c, for the
reorientation of the principal axis of the EFG at the probe

FIG. 6. Temperature dependence of the relaxation constant, 
,
for the spectra at high temperatures �solid circles� and at 120 K �a
solid diamond�. An Arrhenius-type equation, Eq. �8�, is used for the
fit.
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nucleus. This value is a little small but comparable with
those for the alkali metals in graphite:5 0.126, 0.063, and
0.077 eV for KC24, RbC24, and CsC24, respectively. The
small value might imply a higher mobility of the dilute im-
purities free from mutual interference, although the elemen-
tal difference cannot be excluded as the reason.

Further investigation of the attenuating trend of the direc-
tional anisotropy at lower temperature was performed in or-
der to examine the validity of the above interpretation on the
nuclear relaxation. Figure 7 shows TDPAC spectra at 10 and
120 K. As indicated by the dotted line in 120 K spectrum, it
is difficult to reproduce with Eq. �6� the data showing this
prompt damping. The directional anisotropies in this slow
fluctuation regime were, therefore, fitted by employing an
adiabatic approximation24 of a quasistatic perturbation for
the first component with

R�t� = A22�f exp�− t/�c�G22
static1�t� + �1 − f�G22

static2�t�� . �9�

It is to be noted that a fit without the damping exponential
prefactor for the first component does not reproduce the data
unless an unusually broad distribution is assumed for the
nuclear quadrupole frequency. The �Q and �c values for the
first component were estimated to be 4.2�5��107 rad s−1 and
3.9�15� ns for 120 K spectrum and 6.2�6��107 rad s−1 and
2.3�5� ns for 10 K spectrum, respectively. The fraction of the
first component was around 65% for both of the spectra. In
order to corroborate the above analytical method, the 
 value
for the 120 K spectrum is indicated as well by a different
symbol �solid diamond� in Fig. 6, which was deduced with22


 =
3

5
�c�Q

2 k�k + 1��4I�I + 1� − k�k + 1� − 1� , �10�

where �Q is the nuclear quadrupole frequency at the relevant
temperature for the first component obtained by the fit with

Eq. �9�. For the present study, k=2. The interpretation of the
first component by the fits with Eqs. �6� and �9� is supported
by a smooth continuity of the 
 values. Considering the trend
of the temperature dependence, we reasonably expect a com-
pletely static perturbation for the first component because of
freezing of the thermal motion at temperature as low as
10 K. As is evident from the �c value optimized by the least-
squares fit, however, the probe nucleus still experiences a
slow dynamic perturbation as expressed by the damping ex-
ponential prefactor of Eq. �9�. �It should be noted here again
that an unusually broad distribution has to be assumed for
the quadrupole frequency to fit the data without the damping
prefactor.� This fast damping may imply some different
mechanism�s� functioning at this temperature other than the
thermal motion: One of the candidates is, for example, a
temperature-independent motion of the probe atoms trig-
gered by the recoil effect of the � particle emission from the
parent 140La nuclei, as concluded in our previous work for
endohedral Ce atoms in fullerene cages.2–4

As another origin of the nuclear relaxation of 140Ce, we
should take into consideration the effect of hyperfine mag-
netic interaction with a localized 4f spin in a paramagnetic
Ce3+, as has been observed in metal hosts.25–27 Without an
external magnetic field �Bext=0� just as the case for the
present measurements, the effective magnetic field averaged
over nuclei in paramagnetic atoms is considered to be zero
�Beff=0� in general. However, the instantaneous hyperfine
field at a Ce nucleus in the presence of a 4f electron is so
large �B�0�	180 T �Refs. 25, 28, and 29�� that the finite fast
fluctuation of the paramagnetic 4f spin might make a contri-
bution to the observed nuclear relaxation. In order to exam-
ine this possibility, we have thus attempted to fit the 10 and
120 K spectra applying the same analytical method with the
adiabatic approximation as employed for the quadrupole in-
teraction using a fixed Larmor frequency of �L=9.4
�109 rad s−1, which is estimated from the B�0�. Because the
instantaneous magnetic field is enormous and independent of
temperature,6,22 however, the data could not be reproduced
by any means. For the present observations, therefore, the
nuclear relaxation is not ascribable to the 4f spin fluctuation.

B. Electronic states of 140Ce

Referring to several experimental observations reported
for 140Ce, we give here an interpretation to the oxidation
state of the dilute Ce ions. After �− disintegration of a triva-
lent La3+, the daughter nuclide is reported to take the tetrava-
lent state, Ce4+, in some inorganic compounds,15–20 and the
estimated EFG values for 140Ce4+ are in the order of
1017 V cm−2; in such cases, as is evident from the second
component of the present data, the directional anisotropy
hardly show a drastic change by this small field during the
present time window of 	20 ns. We accordingly propose
that the present fast nuclear relaxation be due to a large elec-
tromagnetic field produced by a 4f electron in the state of
Ce3+. There should be a large contribution to the quadrupole
interaction from a 4f electron itself and the distortion of the
charge distribution of the inner closed shell caused by the 4f
electron. In the same way as the case for the electron rear-

FIG. 7. TDPAC spectra of 140Ce in HOPG at 10 and 120 K.
Both spectra are fitted with Eq. �9� �solid lines�. The dotted line in
the 120 K spectrum is the result of a fit with Eq. �6�, which does not
reproduce well the time evolution.
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rangement in metal, which is known to be completed within
a time shorter than 10−12 s, the valence state of the probe is
considered to have become trivalent through a prompt reduc-
tive contribution from � electrons delocalizing in the sp2

hybridized orbital.
For the second component, the optimized EFG value,

3.2�1017 V cm−2, is as small as those for the above cited
inorganic compounds. It seems reasonable to infer by anal-
ogy with the cases for the inorganic compounds that the Ce
ions for the second component take the state of Ce4+. Be-
cause the probe ions were kinetically introduced into the host
HOPG, there is a strong possibility that the implantation pro-
cess causes damages in the lattice; the structure with a con-
jugated network of � orbital might have been destroyed by
the formation of dangling bonds at the sites where the pro-
jectiles stopped. As a result, the reducing atmosphere of the
� orbital is reduced, and the Ce ions would remain tetrava-
lent after the �− decay.

In order to corroborate this interpretation, we performed a
TDPAC measurement at room temperature for the same
sample applying an external magnetic field of 0.84 T. The
time-dependent perturbation function, R��t�, was obtained by
the following operation for the coincident events:

R��t� =
N��,t� − N��/2,t�
N��,t� + N��/2,t�

. �11�

As shown in Fig. 8, the effect of the magnetic field can be
seen in the rotational nature of the directional anisotropy.
Following our inference on the respective charge states
as Ce3+ and Ce4+ for the first and second components, the
TDPAC function was fitted by least squares with

R��t� =
3

4
A22�f cos�2��Lt�exp�− 
t�

+ �1 − f�cos�2�Lt�G22
static2�t�� , �12�

where �L is the Larmor frequency with the externally ap-

plied magnetic field and � denotes the paramagnetic correc-
tion factor,30,31 which is introduced for the correction of en-
hancement of magnetic induction arising from a small
polarization when an external magnetic field is applied to
paramagnetic materials. The effective magnetic field is then
given as Beff=��T�Bext. It is to be noted that Eq. �12� holds
as an approximation in the present case where �L��Q for
the second component. For the present case, �L is evaluated
from the relation, �L� =gN
NBext, as 4.38�107 rad s−1,
where gN=1.088.11 Substituting all the optimized values for
the 298 K data in Fig. 5 and this �L value for the relevant
parameters in Eq. �12�, the TDPAC spectrum in Fig. 8 was
fitted with Eq. �12�. The � value was estimated from the fit
to be 1.30�20�, which agrees well with those for paramag-
netic Ce3+ as dilute impurities in metals.25 This observation
strongly supports our proposal on the valence state of the Ce
ions for the first component.

V. SUMMARY AND CONCLUSION

The TDPAC technique has been applied to studies of the
dynamic and electronic properties of Ce ions as extremely
dilute impurities in an HOPG sheet. From the temperature-
dependent exponential relaxation of the directional aniso-
tropy of the angular correlations, a thermally activated dy-
namic motion of the probe nucleus relative to the
extranuclear charge distribution was suggested. The activa-
tion energy of the dynamic motion, Ea=0.029�3� eV, is com-
parable with those observed for diffusions of alkali metals in
graphite intercalation compounds.5 As regards the electronic
property of the probe, it has been inferred from the large
EFG that the first component is in the trivalent state, Ce3+.
This inference is evidently supported by the value of the
paramagnetic correction factor obtained by a TDPAC mea-
surement under an external magnetic field. The temperature-
independent second component possibly corresponds to
those occupying sites damaged by the heavy-ion implanta-
tion. For more detailed information of this component, an-
other method needs to be developed for soft introduction of
an extremely dilute amount of the probe ions so that the
sample should be free from lattice defects.
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