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23Hg and ®™Zn ions have been implanted into thin foils of highly oriented pyrolytic graphite at room
temperature and at temperatures below 1 K. Low-temperature nuclear orientation due to strong
electric-quadrupole interaction has been observed and the derived electric-field gradients are compared
with two kinds of theoretical calculation. The first is based on the induced polarization of the graphite
atoms, while in the second the hybridization of impurity and graphite electron wave functions is calcu-
lated. The results indicate that the fraction of nuclei that contribute to the macroscopic alignment is lo-
cated in the layers of the C atoms. The experimental value of V, at the nuclear site of Hg is

+[8.2(9)]1X 102 V/m?, parallel to the graphite c axis.

I. INTRODUCTION

The measurement of nuclear electric-quadrupole in-
teraction (QI) provides information about the nuclear sys-
tem of interest as well as the solid-state environment of
the nucleus. In this sense, the system of impurity ions in
graphite is of great interest, because the strongly noncu-
bic structure of the graphite lattice may cause on the nu-
clear site of the impurity a large electric-field gradient
(EFG) that interacts with the nuclear electric-quadrupole
moment Q. Alignment of the spins of nuclei with respect
to the principal axes of the EFG is obtained when the
thermal energy is small compared to the quadrupole in-
teraction energy and, consequently, in the case of ra-
dioactive nuclei, the angular distribution of the emitted y
rays will then become anisotropic. When this anisotropy
is measured as a function of temperature in a low-
temperature nuclear orientation (LT-NO) experiment, in-
formation on the hyperfine interaction can be extracted.
In particular, the nuclear electric-quadrupole moment of
the impurity is known, values for the EFG may then be
obtained. Comparing this EFG with theoretical results
for different lattice sites, a better understanding of the
lattice location of the implanted impurity in graphite and
of possible lattice formations may be gained. Alternative-
ly, measuring the anisotropy effect of a pair of isotopes
implanted under the same conditions gives a value for the
ratio of the quadrupole moments (without the need for
the knowledge of lattice locations and deformations).

Basically, there are two different ways of introducing
impurities into the graphite lattice: ion implantation and
intercalation. Ion implantation is a physical method
applicable to nearly all elements. Intercalation is a chem-
ical method, generally only possible for compounds. The
advantage of ion implantation is that pure elements can
be introduced into the lattice, while a disadvantage is the
accompanying lattice damage, and consequently the final
lattice location of the ion-implanted impurity cannot be
determined.

In order to test the behavior of graphite as a host ma-
terial for nuclear orientation and to study the QI, ra-
dioactive nuclei with known quadrupole moments have
been intercalated or implanted in highly oriented pyrolyt-
ic graphite (HOPG). Other papers also report the detec-
tion of QI of ions as parts of compounds in graphite. All
known experiments are summarized in Table I.

In this paper LT-NO measurements on ion-implanted
Hg and Zn in thin foils of HOPG are reported, together
with first-principles calculations of the EFG. HOPG is
selected for nuclear-orientation studies because of its
well-defined ¢ axis. The hyperfine interaction is ex-
clusively electric because graphite is a nonmagnetic solid
and the implanted Hg and Zn ions have all their inner
electronic shells closed.

For the LT-NO experiment, 2’Hg nuclei were im-
planted at room temperature. To test if the HOPG may
be useful for on-line NO experiments—for measuring
quadrupole moments of nuclei with half-lives shorter
than, say, one hour—two low-temperature implantations
were carried out. Thin foils of HOPG were kept at tem-
peratures below 1 K while implanting respectively 2**Hg
and ®™Zn nuclei. In order to study the behavior of frac-
tions of nuclei at different sites, LT-NO experiments were
performed immediately after the implantation as well as
after room-temperature annealing.

Apart from the measurements on ion-implanted Hg
and Zn a theoretical investigation is made of possible lo-
cations. Further, theoretical calculations are performed
to determine the EFG at the nuclear site of the impuri-
ties. Hg and Zn have the same atomic valence shell occu-
pations (5p®5d'%s? and 3p®3p'%s?, respectively) and
hence they are expected to show a similar electronic be-
havior in the same lattice locations. Theoretical calcula-
tions of the EFG are performed on the basis of a model of
a free impurity ion embedded inside the graphite lattice
as well as on the basis of a model in which the electronic
wave functions of the impurity ion and of the carbon
atoms hybridize.
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TABLE 1. Overview of QI of implanted and intercalated impurities in graphite.

Implanted Intercalated
Isotope Technique Ref. Molecule Technique Ref.
12g NMR 1 rnCl, TDPAC 2-4
F TDPAC 5 133Cse Moéssbauer 6
S1Co Maossbauer 7 BIHfCl, TDPAC 8,9
mZn LT-NO a 182TaCl, LT-NO 10
Bl ¢} LT-NO/TDPAC 44 203HgCl, LT-NO b
133%e Maéssbauer 11 121G, Maéssbauer 12
160TH LT-NO 13 152pye Mdéssbauer 14
1Blgf TDPAC b
183Re LT-NO b
1881y LT-NO 15,43
1891y LT-NO 43
03Hg LT-NO a

*Present work.
®Unpublished.
°V,, mainly originates from intercalate neighbors.

The remainder of the paper is organized as follows.
First, experimental details are given. The formulas for y-
ray anisotropy in the particular case of oriented nuclei in
HOPG will be introduced in Sec. III. Impurity lattice lo-
cations are proposed in Sec. IV together with the presen-
tation of the theoretical calculations. The results and
conclusions are given in the last two sections.

II. LT-NO EXPERIMENTS WITH HOPG

The crystalline structure of graphite consists of layers
of hexagonally ordered C atoms in the well-known
ABAB - - - stacking.!® The c axis is perpendicular to the
layers that are separated by a distance 1¢=3.35 A; the
distance between two atoms in the (a, b) plane is 1.42 A
(lattice constant @ =2.46 A). The density of C atoms is
n=8/(V3a%)=1.14X10® m~3. The valence band
structure consists of o bands resulting from hybridized
atomic 2s and 2p, , orbitals and of 7 bands from atomic
2p, orbitals parallel to the ¢ axis. The former accounts
for the strong bonding within the layers, while the latter
is responsible for the weak van der Waals forces between
the layers.

The conduction band (composed of antibonding o*
and 7* bands) is only weakly occupied (10%*
electrons/m?). This is the reason why graphite is called a
semimetal. The density of states at the Fermi energy is
1.2x107* states/eV per C atom, a factor 102-103 less
than for metals.!’

HOPG is a synthetic form of graphite. It is composed
of microcrystallites with dimensions of order of a few
pm, randomly oriented in the a and b directions, but well
ordered in the ¢ direction.!® The directional distribution
of the ¢ axes (mosaic spread) is less than 0.5°.!°

The noncubic structure of graphite gives, at certain lat-
tice sites, rise to very large EFG’s interacting with the
nuclear quadrupole moment of the impurity. At temper-
atures well below 1 K, when the QI is larger than the
thermal energy, the nuclear electric-quadrupole moments

become aligned and the y radiation of the radioactive nu-
clei may no longer be emitted isotropically. The y-ray
anisotropy depends on the decay properties and on the
direction of emission with respect to the orientation axis.
The electric QI can thus be observed by measuring the
relative intensity change or anisotropy of y radiation
from the oriented nuclei as a function of temperature.

The decay scheme of 2°*Hg (half-life 46.6 days, nuclear
spin 3) is very simple: its B~ decay, 3~ —3% with
log,oft =6.5, is followed by a y-ray transition of 279 keV
to the 1* ground state of **Tl. Assuming that the
B transition carries away only one unit of angular
momentum, the second-order anisotropy parameter (see
Sec. III) of this mixed transition with
S(E2/M1)=+1.17(5) (Ref. 20) is calculated to be
A,U,=—0.6984(16), while in this case by definition
A,U,=0. The uncertainty in 4, U, is due to the uncer-
tainty in 6. The mentioned sign of 4,U, (which depends
on the sign of 8) agrees with the observed anisotropies®!
of 2®HgFe. The value for the nuclear electric-
quadrupole moment Q= +0.343(36)b.2%?

mZn (half life 13.8 h, nuclear spin ) decays by inter-
nal M4 transition directly to the stable ground state,
emitting a 439-keV y ray. The anisotropy parameters are
A,U,=—0.9358 and A4U,=+0.5322 and

=—0.51(5) b.2 Higher-order terms can be neglected
for the purposes of this paper.

III. y-RAY ANISOTROPY IN HOPG

The general expression for the normalized intensity of
Y rays measured from an oriented ensemble in a direction
specified by polar angles (6,¢) in the laboratory frame is?*

21 +1
2A+1

w(e, ¢)—1/'"2 A, U,0,0M(DY3,(6,0) .

(1)

The statistical tensors pfl‘( I) describe the oriented state
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from which the radiation is emitted, and I is the nuclear
spin. The A, coefficients describe the properties of the
emitted radiation, the U, are known as deorientation
coefficients and depend on properties of preceding transi-
tions, and the Q, correct for the finite solid angle of the
y-ray detector. The Y,,(6,4) are spherical harmonics,
with 0<A <min(21,2L) and A even, while —A<g <A (L
being the multipolarity of the y transition). The statisti-
cal tensors contain information on the QI and depend on
the temperature. They can be calculated following a pro-
cedure that involves calculating the energy eigenvalues
and eigenstates of the Hamiltonian and the density ma-
trix of the ensemble.?*2’

In the particular case of HOPG there are two impor-
tant details: (i) Averaged statistical tensors are needed
because of the microcrystallites, and (ii) various lattice lo-
cations give rise to different anisotropy functions, which
must be summed with proper weight factors.

Because of the random orientation of the microcrystal-
lites in HOPG in the (a,b) plane, averaged statistical ten-
sors?® must be calculated. This calculation involves two
frames of reference: S and Sy. The z axis of frame S¢
is parallel to the graphite ¢ axis, while Sy is the frame of
the Hamiltonian of the orienting system, e.g., a nonaxial

QL
H=P[I2—1I(I+1)+InI% +1%)] . )

In Eq. 2) P=3eQV,, /4I(2I —1) is the strength of the
nuclear electric QI (often expressed as a frequency of
vo=eQV, /h), V, is the electric-field gradient along
the quantization direction, and 7 is the asymmetry pa-
rameter [(n=(V,,—V,,)/V,; 0=n=1]. In this descrip-
tion, Sy is the principal-axes system of the EFG tensor
at the nuclear site, with the usual convention
V12V, |2V, | 22

The transformation of the spherical tensors in frame
Sy to spherical tensors in frame S is performed with the
aid of rotation matrices. In Fig. 1, examples are given for
the charge distribution of nonaxial EFG’s with orienta-
tions of Sy that will be used in Sec. IV B. Because of the
distribution of microcrystallites an averaging is required
over all orientations of frame S in the graphite lattice

:
|
|
o

(a) (b)

FIG. 1. Two different directional orientations of Sy with
respect to Sc. The number of + or — signs simulates the value
of the EFG component along the corresponding axis of Sy.
Only the z axis (or ¢ axis) of S¢ is drawn (a) V,, >0, 70, B=0,
a=0, () V,, <0, n#0,B=7/2,a=—7/2.
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and so only statistical tensors p}(Sc) are observable.
Note that they still contain contributions of p%o( Sy) of
the local nonaxial QI:
172

S Yy, (Ba)p)(Sy) . (3)
q

41

A’ —e —
Po(Sc)= 153

Here, a,B are the Eulerian angles for rotating the
frames of Sy (which are randomly oriented in the plane
perpendicular to the ¢ axis) to frame S¢: a around the z
axis of Sy and B around the new y axis. See the two ex-
amples of Fig. 1.

Besides the presence of microcrystallites, different lat-
tice locations can play a role in the observable spherical
tensors. If the ions occupy various lattice locations in
graphite, a weighted sum of anisotropy functions will be
observed. In this paper a fraction model is used for a fit
to the experimental results. In this model the impurity
ions are supposed to occupy a number of different lattice
sites with their own EFG. Nuclei in lattice sites with
randomly oriented EFG’s do not contribute to the mac-
roscopic nuclear orientation and are represented by a
nonorienting fraction. The measured statistical tensor is
written as p5(Sc)= 3, f:p0(Sc), where the fractions f;
and the nonorienting fraction add up to unity.

Summarizing, the anisotropy of y rays emitted from
radioactive nuclei in HOPG can be calculated as a func-
tion of (a) the magnitude of the various fractions f;*, (b)
for each fraction, the magnitude and direction of the nu-
clear electric QI (P,7,a, and f3); and (c) the absolute tem-
perature, T.

IV. THEORY

A. Possible lattice locations

When atoms are implanted in graphite the absorption
of kinetic energy causes lattice damage along the implan-
tation track. This damage includes the creation of vacan-
cies near the final position of the implanted atom. There-
fore in graphite implanted atoms are supposed to occupy
lattice locations inside the layers as well as lattice loca-
tions between layers. As indicated in Fig. 2, in this paper
the following relatively simple impurity configurations

Yy

FIG. 2. Lattice locations considered in this paper. The im-
purity ion is represented by a thick dot. The solid lines indicate
o bonds between the carbon atoms.
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will be considered: bl, between the layers, with point
group C;,; b2, between the layers, with point group C,;;
il, in the layers, with point group Dj,; i2, in the layers,
with point group D,,.

The indicated symmetry groups apply to the local envi-
ronment of the impurity ion as given in Fig. 2. Lattice
locations bl and il have a threefold symmetry axis paral-
lel to the c axis; lattice locations b2 and i2 have a twofold
symmetry axis perpendicular to the c axis. In lattice lo-
cation bl inversion symmetry is absent, because the ion is
being held between a single C atom on one side and a ring
of C atoms on the other side. Therefore, the ion will not
be situated exactly in the middle of the two layers, but
will be displaced in the direction of the ring of C atoms.

The available space in the graphite lattice and the
bonding possibilities determine the probability of the
various lattice locations. The location of an atom or ion
will depend on the combined bonding and repulsion ener-
gy. The repulsion energy was estimated on the basis of a
repulsion potential <«r~ ™. Taking m =12 (Lennard-
Jones potential) or m =8 (like in ionic crystals?®) and tak-
ing the lattice constants of Sec. II, it appears that lattice
locations bl, b2, and i2, which offer approximately the
same space, have roughly the same repulsion energy and
that the substitutional lattice location il has a repulsional
energy that it as least give times larger than the other
three impurity conﬁgurations. Concerning location i2,
Kaxiras and Pandey®® performed calculations with a C
atom in the location i2. The four nearest neighbors move
towards the central C atom, forming four weak bonds to
it. Thus, in lattice location i2 weak bonding may also be
the case for impurity atoms other than carbon, provided
that their radius is not larger than 1 A approximately.

In total, this leads to the conclusion that lattice loca-
tion il is only probable for small impurities that strongly
hybridize with the graphite lattice, boron being an exam-
ple.! For larger atoms like Hg and Zn, lattice locations
bl, b2, and i2 are more realistic.

B. Calculation of the EFG

Two different methods were used for calculating the
EFG at the impurity site: (i) the simple and classical ap-
proach of considering the implanted ion as a free ion, i.e.,
neglecting the overlap of the electronic charge densities
of the implanted ion and the graphite atoms and (ii) the
quantum-mechanical approach taking into account the
hybridization of all electronic orbitals. The former will
provide some insight into the mechanism causing the
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EFG, but gives no accurate values; the latter, when ap-
plied to the calculation of an EFG on impurities in
graphite, is expected to be more rigorous.

1. Free-ion model

In a free-ion model the EFG is caused by the electric
multipoles of the atoms surrounding the impurity, and is
enhanced by the electronic cloud of the impurity itself.
This enhancement is described with the factor (1—v . );
for Zn?" and Hg?" the Sternheimer antishielding factors
are ¥, =—12.31 and —60.20, respectively.’! The mul-
tipoles surrounding the impurity can for example be
point charges in the case of an ionic host crystal. They
can also be induced by the ionic charge of the impurity it-
self.

In the case of graphite one expects the impurity metal
to acquire a positive ionic charge. Campbell et al.® have
suggested the attraction of shielding conduction electrons
around the impurity ion as one of the mechanisms caus-
ing an EFG. But this effect is unlikely to be of impor-
tance, since the density of states at the Fermi-level D(eg)
of graphite is very small. One may notice that the
Thomas-Fermi wavelength of screening, 27 /k, is larger
than 100 A in graphite. The wavelength of screening is
calculated with the relation? k2=(e?/e,) D(ep) n, with
the values for D(e;) and the density of C atoms n as
given in Sec. II. On the other hand, the ionic charge of
the impurity can induce electric dipoles on its surround-
ing carbon atoms. In order to calculate the EFG due to
this lattice polarization, all carbon atoms were considered
as point dipoles obeying p=a,‘E. Here, p is the atomic
dipole moment of the C atom, , is its isotropic polariza-
bility, and E is the electric field at the lattice site. This
electric field results from the point charge g of the ion
and from the other dipoles in the graphite lattice. An es-
timation of @, can be obtained through calculations on a
free C>* atom,*? or through calculations on the trans-
verse polarizability of o bonds in diamond.3 The first
gives @, =0.67X10"*esu=7.5X10"* Cm?/V, the
second gives @, =3.27 a.u.=5.4X10"*' Cm?/V.

At several lattice locations in graphite the self-
consistent lattice polarization has been calculated with an
iterative computer program. The resultant EFG on the
ion is given in Table II, taking the lattice constants of
pure graphite and using the lower value of a, =5X 1074
Cm?/V; larger values of a, caused instabilities in the lat-
tice sum calculation. Lattice locations bl, b2, and i2

TABLE II. EFG in a free-ion model due to lattice polarization. The graphite lattice was undis-
turbed, the polarizability of the C atom was a, =5X 10~*' Cm?/V. In lattice location bl the ion was
off centered with 5% of lattice constant c. V,, is in units of 10?2V /m? and is calculated taking ¢ =2 and

the Sternheimer parameters as mentioned in the text.

Position V, (1022 V/m?» 17 B (deg) a (deg) V,(Zn**) (102 V/m? V,(Hg*") (102 V/m?
bl —0.017 ¢ 0.0 0.0 0.0 —0.43 —20
b2 —0.023 ¢ 0.14 125 —90 —0.58 —2.8
i1 +0.075 ¢ 0.0 0.0 0.0 +1.9 +9.2
i2 +0.020 ¢ 0.23 0.0 0.0 +0.50 +2.4
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yield an EFG at the ion of approximately the same abso-
lute value. Taking ¢ =2+ as the maximum ionic charge
of Hg and Zn in graphite, and using the Sternheimer pa-
rameters mentioned above, the free-ion point-polarization
model gives a V,, at the nuclear site with an absolute
value of about 2.5X10*2 V/m? for Hg and about
0.50X 10?2 V/m? for Zn; V,, has a negative sign for lat-
tice locations between the graphite layers and a positive
sign for lattice location i2 inside the layers. In all lattice
locations except b2, the z axis of the EFG is parallel to
the ¢ axis of graphite (Euler angle $=0). In lattice loca-
tion b2 the Euler angles are f=12.5° and a=—90" (x
axis of the EFG perpendicular to the c axis). The angle
12.5° is understandable from the geometry of this posi-
tion, see Fig. 2.

2. Hpybridization model

First-principles calculations were carried out for the
EFG of Hg and Zn in the above mentioned impurity
centers in graphite, using the GAUSSIAN 90 system of pro-
grams,3* released by the Carnegie Mellon University in
Pittsburgh, PA. With this computer program, all elec-
tronic interactions in a predefined cluster are calculated.
The carbon lattice including the impurity was modeled as
a relatively small cluster of atoms of which the dangling
bonds were closed by hydrogen atoms.>> The molecular
wave function (from which the EFG can be derived) is
constructed from a linear combination of atomic orbitals
(LCAO) using a variational technique. The atomic orbit-
als, forming the basis set, are each in the form of a sum of
Gaussian functions.

The clusters are schematically drawn in Fig. 2 and the
calculations were done for Zn and Hg in the positions il,
i2, and bl.

Tables of Huzinaga®® were used for the atomic basis
sets of Zn and Hg. For carbon and hydrogen slater-type
orbitals approximated by a sum of three Gaussians
(STO-3G) bases were used. In order to have more free-
dom for the metal ions to adjust to the surroundings, ad-
ditional valence p orbitals were added to the minimal
basis: 4p for Zn and 6p for Hg. These were obtained
from numerical wave functions fitted to the Gaussian
form. Finally splitted core p orbitals were used: 3p for
Zn and 5p for Hg,’” in order to give the functions more
freedom to hybridize.

The carbon-carbon distance in the layers was kept un-
changed at 1.42 A. It is not easy to get a realistic dis-
tance between the layers when an atom is implanted. In
order to investigate the influence of this distance on the
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EFG of an impurity in position bl, the distance was
varied between 3.2 and 4.0 A. It was found that the
change of the EFG was less than 20% and so subsequent
calculations were done for the “mean” value d =3.6 A,
which is slightly larger than the distance (3.35 A) without
impurities. The calculations also showed that the EFG at
the in-layer positions il and i2 hardly depends on the
presence of neighboring planes.

Important quantities are the EFG parameters V,, and
7 at the nuclear site of the implanted ion and the orienta-
tion of the principal axes with respect to the crystallo-
graphic c axis (angles a,f), the overall charge g, Of the
implanted metal ion, and the sensitivity of the EFG pa-
rameters to the atomic basis sets.

The results for the positions i2 and bl before and after
adding valence orbitals to the impurity basis sets are list-
ed in Table III. They show a remarkable difference in the
values and composition of the EFG at the two hypothetic
sites. At the in-layer position i2 the EFG comes out posi-
tive with a value of the asymmetry parameter 7 that de-
pends on the basis set; the position bl between the layers
has a negative V,,, the value of which depends very much
on the presence of the valence orbitals.

For position i2 the dependence on these additional
valence orbitals (4p for Zn and 6p for Hg) is small. This
is understandable from the expected low-lying carbon o
bonds in the in-layer direction. One may therefore expect
the added metal valence orbitals to be relatively high in
energy and thus not to be populated.

This is in great contrast with the results found for the
other position bl between the layers. The EFG is now
the result of two strongly competing contributions, one
being negative, arising from the core p orbital (3p for Zn
and 5p for Hg) and the other of positive sign, arising from
the valence p orbitals. The resulting negative EFG will
be small compared to the one in position i2. This was ex-
pected because the 7 orbitals of carbon perpendicular to
the layers are high in energy. Thus they hybridize easily
with the added metal valence orbitals, leading to a more
spherical charge distribution. This picture is supported
by the much smaller values of q,.,. When the nearest
carbon atom in the neighboring graphite plane is re-
moved, V,, at Hg reduces to —2X 10?2V /cm? Also, it
was verified that V,, changes sign smoothly when the Hg
atom is moved from the between-layer position towards
this vacancy, i.e., towards position il.

Not shown in the table is the dependence of 8 on the
overall charge of the cluster. In most cases, this charge
was taken to be O or +1. In the Zn case, however, also a

TABLE III. Results of cluster calculations of Zn and Hg impurities in graphite at two hypothetical
sites, calculated before and after adding valence orbitals. g is in units of the elementary charge |e|
and V,, is in units of 10”2 V/m? In all cases, the principal z axis was parallel to the graphite ¢ axis

(B=0).

Position i2 Position bl
Impurity qmetal lei sz (1022 V/mz) 1] qmetal/lel sz (10‘2 V/mz) 1]
Zn(4s)* +1.25 +3.63 0.21 +1.23 —10.4 0.0
Zn(4p) —0.11 +3.47 0.04 —2.01 —1.52 0.0
Hg(6s) +1.56 +15.5 0.29 +1.58 —6.76 0.0
Hg(6p) +0.40 +14.5 0.13 +0.41 —4.14 0.0

2With cluster charge +2e: V,,=—3.8X 102 V/m?, =0.15, =90, and a= —90°.
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charge of +2 was taken, but without the presence of the
additional valence p shell. Now the angle B came out to
be 90° with ¥V,, <0 and a <0. Therefore, it remains possi-
ble that with a certain choice of the basis set and total
cluster charge the EFG is oriented perpendicular to the ¢
axis [as in Fig. 1(b)]; the component parallel to the ¢ axis
remains positive. The change of principal axes is the re-
sult of changing the occupation of p, - and p,-type molec-
ular orbitals.

Concerning position il, only solutions for Zn were ob-
tained with an increased carbon-carbon distance of 1.60
A, indicating that for this position the lattice must be dis-
torted. This is in agreement with the repulsion energy
calculations of Sec. IVA. The results were
V,,=+6.1X10"® V/cm?, =0, B=0. The positive value
of V,, is in agreement with the results for boron in this
substitutional position.!

3. Comparing the models

Two models have been proposed and applied for ex-
plaining the measured EFG of implanted ions in graph-
ite. The EFG is very likely not the result of the conduc-
tion electrons but of polarization of the graphite charge
cloud. Shielding effects are not easy to estimate in the
free-ion model; they are expected to be small and are
therefore neglected. The charge of the implanted ions is
thus set to the maximum value corresponding to an emp-
ty valence shell. The values of the EFG in the free-ion
model come out roughly three times smaller than the ex-
perimental results described in the next section. The hy-
bridization model gives an EFG which is around two
times too high, but also gives information about the ex-
istence of impurity levels and shielding effects. The re-
sults are preliminary because in certain lattice locations
there is much dependence on the basis set. However,
both models convincingly agree on the following results.

In position bl, V,, <0 parallel to the ¢ axis and =0.
In positions il and i2, V,, >0 parallel to the c¢ axis and
7=0 (position il) or 7 is small (position i2); position il is
energetically unfavorable. The principal x axis is perpen-
dicular to the c axis in all positions (i.e., a=—1/2).

In addition, the hybridization model shows that, in po-
sition i2, the following is also possible: For V,, <0 per-
pendicular to the ¢ axis and 170, the EFG between the
layers is expected to be small, because of the two contri-
butions that are of opposite sign.

Because of the important qualitative agreement of the
two models, it can be concluded that lattice polarization
gives a fair description of the origin of the EFG in graph-
ite. However, when more precise EFG’s are needed, the
overlap of electron wave functions must be considered.

4. Experimental fitting

In an LT-NO experiment, only nuclei that experience a
large QI with the same direction of orientation will con-
tribute to the y-ray anisotropy. In the picture outlined
above, this corresponds to the fraction of nuclei that ends
up inside the layers. The other fractions are thought to
be located between the layers with much smaller EFG’s
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or are randomly oriented due to implantation damage.
The experimental data are analyzed according to the fol-
lowing parameter-models.

(1) One orienting fraction with axially symmetric QI
with principal z axis of the EFG parallel to the ¢ axis
(B=0, 7=0). The fraction f and the interaction strength
P are free parameters.

(2) One orienting fraction with non-axially-symmetric
QI with principal x and z axes of the EFG perpendicular
to the ¢ axis (@= —m/2, B=m/2). The parameters are f,
P, and 7.

(3) Two orienting fractions with axially symmetric QI
with respect to the ¢ axis; one fraction with V,,
positive—representing nuclei inside the layers—and one
with V,, negative—representing nuclei between the lay-
ers_ —(B"?=0, »"?=0). The parameters are f“? and
P-

When the nuclei between the layers experience a small
|V,,|, as is calculated in the hybridization model, parame-
ter model 3 approaches parameter model 1.

These parameter models were fitted to the LT-NO data
(with the CERN minimization routine MINUIT) and re-
sults for the parameters are presented in Sec. V1.

V. EXPERIMENTAL DETAILS

HOPG foils with thickness of about 30 um and area of
12X 12 mm? were peeled off from a thick piece of HOPG
using Scotch tape. Afterwards, the tape was removed by
dissolving it in acetone. 2*Hg was implanted into the
surface of the graphite foil, opposite to the side where the
Scotch tape had been attached. In the ™ Zn experiment
a foil of thickness of 90 um was cleaved from the bulk
with a sharp razor blade. In this way, no Scotch tape was
used and both sides of the foil had clean surfaces.

The room-temperature implantation of *Hg was per-
formed using the ISOLDE-3 isotope separator at CERN
with ion currents of about 8.0 pA; an activity of 20 kBq
of 2%Hg was collected in the graphite foil. From the ac-
tivity and implantation area an implantation dose of
3.1X 10! atoms/cm? was calculated; the amount of other
isotopes implanted can be neglected. The implantation
energy was 60 keV. The LT-NO experiment was carried
out at Delft, where the implanted foil was clamped be-
tween two copper plates and mounted onto the mixing
chamber of a dilution refrigerator equipped with a PrNis
demagnetization stage. The anisotropy was measured at
various temperatures between 100 and 4.5 mK. Temper-
atures were determined with a ®CoCo(hcp) nuclear
orientation thermometer below 35 mK and with Ger-
manium resistance thermometry above 50 mK. When
the demagnetization stage is used, the magnetic field at
the site of the sample was less than 0.5 mT due to com-
pensation coils. The y rays of 2Hg and ®Co were
detected with a 3"X3"” Nal(Tl) detector placed parallel
to the graphite ¢ axes and with a Ge(Li) detector perpen-
dicular to it. Because of the low activity of 2>Hg, aniso-
tropies could only be observed with the more efficient
Nal(T1) detector.

Before the cold implantation of 2>Hg in Bonn, a foil of
HOPG was soldered with eutectic Galn and simultane-
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ously clamped with a copper plate (with a hole in the
center for the implantation) onto the cold finger of the di-
lution refrigerator, together with a **MnNi nuclear orien-
tation thermometer. The refrigerator was cooled to the
lowest-temperature region before the 2’Hg implantation
started. During implantation, the temperature was kept
below 0.2 K. At these temperatures annealing effects do
not occur. The implantation energy was 80 keV, the im-
plantation dose was estimated to be less than 2X 10"
atoms/cm? and the implanted activity was about 19 kBq.
In order to magnetically saturate the nickel foil of the
5Mn thermometer and to prevent the Galn from getting
superconductive, an external magnetic field of 0.54 T was
applied perpendicular to the graphite c axis.

Directly after the implantation, the sample was cooled
to low temperatures and the anisotropy in the directional
distribution of the y rays was measured both parallel and
perpendicular to the ¢ axis as a function of temperature
using Ge(Li) detectors. After this experiment, the sample
was annealed at room temperature, cooled down again to
7.0 mK and the measurements were repeated.

The %™Zn experiment was completely analogous, but
now with an estimated implantation dose <1X10'"
atoms/cm?. The implanted activity was about 52 kBq and
the anisotropies were measured at 8.1 mK before and at
7.7 mK after room-temperature annealing. Because of
the short half-life and the low activity it was not sensible
to measure the °"Zn y anisotropy at several different
temperatures.

VI. RESULTS AND DISCUSSION

A. Implantations of 2**Hg

In Fig. 3 plots are presented of the y-ray anisotropies
of the 279-keV transition of implanted ***Hg measured at
various temperatures. Experiment (a) is done after
room-temperature implantation, experiment (b) directly
after cold implantation, and experiment (c) after anneal-
ing the cold implanted sample at room temperature. The
solid lines represent least-squares fits on the basis of mod-
el 1 described above. A large y-ray anisotropy occurs
after the warm implantation, while the cold implanted
sample only shows considerably anisotropy after anneal-
ing. The linear behavior of the anisotropy at low values
of the inverse temperature is typical for pure electric QI.
The departure from the linear behavior atT =10 mK (not
often seen in QI experiments) reveals the strength of the
QL
In Table IV the results are given of fits on the basis of
the three parameter models, together with the reduced x>
in order to discriminate between them. From the QI con-
stant P values for V,, are calculated, which are also
presented in the table; note that the uncertainty in Q has
a large effect on the uncertainty in V,,. Because of the
large errors, experiment (b) is not used in parameter mod-
els 2 and 3.

In parameter model 1, the values for P agree well
within one standard deviation for the three independent
experiments. The QI is very strong, but the measured an-
isotropy is reduced because only a small fraction of
orienting nuclei contributes. The cold implantation has a
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negative influence in this respect. The different thermal
treatments only influence the orienting fraction f.
Weighting with 1/0?%, the average EFG s
V,.=+[8.19(87)]X 102V /m?%. The influence of nonaxi-
ality on the results for the EFG was established to be
small.

In parameter model 2, the average is
V,=—[11.8(11)] X 102V /m? the negative sign agrees
with the cluster calculations for position i2. It turns out
that the data are not sensitive to . Because in this mod-
el the principal z axis of the EFG lie in the (a,b) plane,
smaller anisotropies in the direction parallel to the c axis
occur and thus larger values are found for the fitted
orienting fraction.

In parameter model 3, the result for V2, the negative
EFG, is unrealistically large in absolute value. The frac-
tion of nuclei that experience this negative EFG (between
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FIG. 3. The measured anisotropy of the 279-keV ¥ transition
of 2Hg as a function of the inverse temperature for (a) the
room-temperature implanted sample, (b) the cold implanted
sample, and (c) the room-temperature annealed cold implanted
sample. Note that the scaling of the anisotropy axes in the plot
is different for every measurement. The error bars indicate one
standard deviation and the solid lines are least-squares fits on
the basis of model 1.
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TABLE IV. Results of fits on the data of experiments (a), (b), and (c) of 23Hg on the basis of the three different models, with the
corresponding values of the reduced y2. The errors denote one standard deviation. From the fitted values of the QI constant P /k (in
mK) and the known value of Q, the results for ¥, (in 10 V/m?) have been calculated. Because the parameters that can be deduced
from experiment (b) have large errors, they are only given for model 1.

Parameter model 1

Expt P/k f X Ve
a +2.36(25) 0.352(23) 0.978 +7.9(12)
+2.4(1.0) 0.085(27) 1.038 +7.9(3.5)
c +2.57(31) 0.211(18) 0.973 +8.6(1.4)
Parameter model 2
Expt P/k 7 f x? V,,
a —3.30(24) 0.00(65) 0.446(19) 1.202 —11.1(1.4)
c —3.80(26) 0.00(75) 0.252(11) 0.974 —(12.7(1.6)
Parameter model 3
Expt /! s? X Va v
a 0.400(12) 0.090(30) 1.274 +16.1(3.0) —42.6(9.5)
c 0.290(3) 0.105(4) 0.974 +22.2(3.7) —40.2(8.2)

the layers) does not seem to depend on the implantation
conditions; annealing only improves the fraction with a
positive EFG (in the layers). According to this model,
after heat treatment more nuclei end up at in-layer posi-
tions after the heat treatment. The magnitude of the neg-
ative EFG is in contrast with the conclusions of the clus-
ter calculations in position bl that the EFG between the
layers will be small and negative; parameter model 3
seems to be less useful for describing the results.

It is only possible to distinguish between the two
remaining models after taking the theoretical results into
account. In these calculations the possibility of ¥, being
oriented perpendicular to the c¢ axis comes out very un-
likely and so parameter model 1 is taken to be the best
candidate.

In Table V the measured V,, of 2*Hg in graphite (fol-
lowing parameter model 1) is compared to the V, at iso-
topes of Hg implanted in several noncubic metal hosts.
The V,, in HOPG is almost an order of magnitude larger,
demonstrating the significance of this material for
measuring QI.

B. Implantation of $°™Zn

The measured anisotropies of the 439-keV transition of
the cold implanted Zn were W (||c)=0.983(2) and

TABLE V. LT-NO results for electric-field gradients at the
nuclear site of Hg isotopes in different noncubic metals and in
HOPG. The values are recalculated from the reported interac-
tion frequencies with the more recent values of
Q("™Hg)=+1.24(14) b and Q('**"Hg)=+1.08(11) b of Ref.
22.

Experiment V. (102 V/m? Reference
9ImHgZn +1.60(19) 38
9mHeCd +1.43(19) 38
195mHeCd +2.13(36) 39
19TmHoRe —0.367(65) 38
197mHgSb +0.233(35) 40

3HgC +8.19(87) Model 1, this work

W(lc)=1.017(2) at T=8.1 mK before, and
W(||c)=0.982(3) and W (lc)=1.011(3) at T=7.7 mK
after annealing.

With this sample, annealing hardly improved the
orienting fraction; only the ratio W(0)/W (90), which is
determined by the spherical harmonics of Eq. (1), im-
proved. This annealing behavior is different from that of
Hg and is not well understood, given the electronic simi-
larities of Hg and Zn. The difference must be ascribed to
the different ionic radii (0.74 A for Zn?* and 1.10 A for
Hg?") and different conditions during the ion implanta-
tion. Also, with the same implantation energy, the Zn
ions have a larger velocity and therefore a larger implan-
tation depth.

The sign of the y-ray anisotropy is opposite to that of
203Hg, as is expected from the signs of the respective
quadrupole moments and 4,U, values. Because of the
small number of data points, values for P can only be ob-
tained for fixed values of f. If the orienting fraction lies
between 25% and 8% [realistic values in view of experi-
ments (b) and (c) on 2°Hg] then ¥, ranges from
+[0.70(12)]1X 10%? to +[2.17(53)] X 10*? V/m? with pa-
rameter model 1, and from —[1.52(28)]X10% to
—[6.3(1.6)]X 102 V/m? with parameter model 2.

C. Heat input and thermal gradients

Because of the rather poor heat conductance of graph-
ite in the ¢ direction at low temperatures, the heat input
associated with the radioactive decay may give rise to
thermal gradients inside the graphite lattice. The ob-
served onset of saturation in the anisotropy of 2>Hg may
then not be a real QI effect. The following arguments
unambiguously show that the heat conductance cannot
be a problem in these experiments and that the saturation
in the anisotropy is indeed due to strong nuclear electric
QL

Estimates for the heat input, the implantation depth,
and for the heat conductance coefficient A, are needed.

Under the assumption that all B particles and conver-
sion electrons dissipate their kinetic energy homogene-
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ously into the whole graphite sample, the heat inputs
from the decay of 2**Hg and ®™Zn are 2.3X 1072 and
7.6X 1072 pW/Bq, respectively. With the thin samples
of order of 10—100 mg/cm? the amount will actually be
much less, since most of the heat is dissipated outside the
graphite.

The implantation depth, or projected range R, and its
fluctuation AR, (between parentheses) can be estimated
with the Lindhard, Scharff, and Schiott (LSS) theory:*!
200(32) A, 260(40) A, and 460(110) A, for a 60-keV Hg, a
80-keV Hg and a 80-keV Zn ion colliding on graphite, re-
spectively.

Values for A, are obtained from a separate experiment,
where the heat conductance of HOPG foils with different
thicknesses has been measured at temperature down to 20
mK.* These samples were prepared in the same way and
from the same material as the foils of this paper. Extra-
polated values at T=5 mk are A, =2X 10" and 1X10~#
W/mK for a foil that was pulled with Scotch tape and
for a foil that was cut with a razor blade, respectively.

With the above values the temperature profile in the
graphite foil, which is cooled from two sides, can be cal-
culated. The temperature gradient across the implanted
layer, which only extends to at most 460 A from the sur-
face, is less than 0.1 mK at 7=35 mK for the implanted
activities of this paper. Because both copper and graph-
ite are conductors, the thermal resistance across their
contact is negligible.

As an additional argument against thermal saturation,
the values for the QI constant P of 2*Hg in the three in-
dependent experiments agree well within one standard
deviation, despite different heat inputs and mounting
techniques.

VII CONCLUSIONS

The anisotropy data for 2>Hg and ®™Zn implanted in
HOPG reveal a strong nuclear electric QI and also a
large nonorientating fraction of roughly 60%. Attempts
to explain this large nonorienting fraction by assuming
contributions of fractions with negative and positive
EFG’s (parameter model 3) have failed: The orienting
fractions remain small and the fitted EFG’s are found to
be unrealistically large with large errors.

The theoretical calculations have provided a number of
important details about the origin of the EFG in graph-
ite. The EFG is very likely the result of polarization
effects induced by the charge of the implanted ion, which
is partly shielded. For both in-layer as well as between-
layer positions ¥, is directed parallel to the graphite ¢
axis. Under certain circumstances, in-layer positions
may have V,, oriented perpendicular to the c axis.

Two theoretical models, the free-ion model and the hy-
bridization model (molecular cluster), are found to be
useful for describing the origin of the EFG. The first
model (no shielding) gives for Hg in the assumed in-layer
position a value of +2.4X 10*2 V/m? compared to the ex-
perimental value of +[8.19(87)]X 10?2 V/m?% The re-
sults of the cluster calculation is +14.5X10%? V/m?,
where the ionic charge changed from the free-ion value
+2 to +0.4, a charge shielding of 80%. For Zn the ex-
perimental results are not very accurate and restrict V,,
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to the interval from +0.70X10% to +2.2X10?V/m’
The theoretical results for the in-layer position are +0.50
for the free-ion model and + 3.5 X 10?2 V/m? for the clus-
ter calculation, where the charge ascribed to the Zn ion
was —0.11 ion, which has to be compared with the free-
ion value +2.

For the between-layer position of the V,, is negative
(for both theoretical models) and is, on the basis of the
hybridization model, very likely rather small compared
to the in-layer position. This gives a possible explanation
for the large measured nonorienting fraction: It partly
results from implanted ions that end up between the lay-
ers (with small QI) and is also due to lattice damage from
the implantation, especially with the low-temperature im-
plantations. Obviously this damage is (partly) annealed
at room temperature.

It is important to mention that it is the sign of V,, that
makes the experimental and theoretical results compara-
ble only for in-layer positions with neighboring vacancies.

Implantations of other isotopes in graphite mentioned
in Table I yield various positions. From the angular
dependence of the recoilless fractions, as observed in
Mossbauer experiments, it was found that **Xe resides
between the layers (its noble gas electronic configuration
gives little opportunity for hybridization), and that two
sites within the layers occur for *’Co. The EFG that was
measured in a nuclear-magnetic-resonance experiment on
recoil-implanted '?B nuclei could only be explained with
the boron located at substitutional sites (position i1); two
different quadrupole interactions were found for recoil-
implanted '°F in a time-differential perturbed-angular-
correlation experiment, one of which corresponds to a
nearly undisturbed F-C bond, also indicating a substitu-
tional position.

It must be noted that there is yet little experience with
calculations on molecular clusters of graphite-impurity
systems. Particularly the choice of the atomic basis sets
influences the occupation of the molecular orbitals and
hence the calculated EFG. More details will be given in
a forthcoming paper, where also results on B, F, Cs, and
In will be considered. At this stage it can already be stat-
ed that the calculated QI of F and Cs in the reported lat-
tice positions agree well with the experimental results,
which supports this type of calculations. It is evident
that the combination of experimental fitting and theoreti-
cal calculations has provided a reasonable picture of the
origin of the EFG at impurities in HOPG.

The observed EFG is almost an order of magnitude
larger than that of Hg implanted in noncubic metal hosts.
This demonstrates the possibilities of using HOPG foils
as a catcher material for detecting QI. The lower orient-
ing fractions after the low-temperature implantation is a
drawback in on-line NO experiments. However, in the
cold implantations, the implanted dose was rather high,
resulting perhaps in (partial) amorphization of the graph-
ite. Improvements can be made and more experiments
are needed to clarify this point.
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