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Measurements of the perturbed Y-v directional correlation have been made for the first ex-
cited state of #4Sc in polycrystalline lead titanate at room temperature. A static electric
quadrupole perturbation was observed, having an interaction strength | QV,,| =(3.92+0.05)
x10"8 v, Using a recently reported value for the quadrupole moment of the 43c first excited
state, the electric field gradient at the Sc-ion site is found to be V,,=(2.2+0.4)x10% V/m2,
The time-differential attenuation coefficient shows possible effects of a normal probability dis-
tribution for the field gradient with a relative width 6=0.02. No evidence of rhombic fields
was found. A comparison of these results with earlier studies of *‘Sc in BaTiO; shows the
electric field gradient at the Sc-ion site in PbTiO; to be larger than in BaTiO;3 by a factor of

1.46+0.07.

I. INTRODUCTION

The technique of perturbed y-y directional cor-
relations has become useful in obtaining informa-
tion on internal fields and their symmetries for
various materials including metals, ! dielectrics, 2
and, most recently, macromolecules.?* We wish
to report here the application of this technique to
the investigation of internal fields at the titanium-
ion sites in ferroelectric lead titanate at room
temperature. The nuclide chosen for this work
is **Ti, which decays by electron capture to *‘Sc.
The long parent lifetime, relatively long inter-
mediate-level lifetime, and intermediate-level
spin of 1 make **Sc an ideal nuclide for use in
perturbed y-y directional correlations. In addi-
tion, the **Ti is expected to occupy regular lattice
sites in lead titanate.

II. APPARATUS AND MEASUREMENTS

The time dependence of the directional correla-
tion function of the 78-68 keV cascade in *Sc was
examined using a two-detector time-differential
coincidence system with crossover-pickoff timing
and nominal time-to-pulse-height converter spans
of 1 and 2 usec. The detectors consisted of Nal
crystals 1.5 in. in diameter and 0.5 in. thick
mounted on Amperex No. 56 DVP photomultiplier
tubes.

Because the detectors could not resolve the 78-
and 68-keV photopeaks, bothsides of the coincidence
system were set to examine the unresolved peak
between 50 and 100 keV. A delay was inserted in
one side of the coincidence system so that prompt
coincidences would correspond to half-maximum
output pulses from the time-to-pulse-height con-
verter. The accidental coincidence rate was de-
termined by using two separate sources of *Ti
activity and was subtracted from all spectra.
Calibration of the time -to-pulse-height converter
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was achieved by using a pulse generator and known
delay lines.

Since the intermediate-level spin of *!Sc is 1,
the directional correlation function has the simpli-
fied form

W(6, )= 1+Ag(t) Py(cosb), 1)

and is found experimentally by measurement
of the anisotropy, given by

A@)=[wm) - w(zm]/W(zm). @)

Coincidence counts were taken over 4000-sec in-
tervals at relative detector angles of 90, 180, 270,
and 180 deg. The data from 90 and 270 deg and
those from 180 deg were stored in alternate mem-
ory halves of a 256-channel multichannel analyzer
and read out to a teletype for computer calcula-
tions of the channel-by-channel anisotropy.

The average anisotropy as a function of time
was then obtained by folding together the symmetric
halves of the channel-by-channel anisotropy about
zero time delay. These data were then averaged
over the time resolution of the coincidence sys-
tem.

In order to obtain the time-differential attenua-
tion coefficient G, (f) in a perturbed directional
correlation experiment, the unperturbed coefficient
A,,(0) must be found, since

Gzz(t)=Azz(t)/Azz(0)- (3)

The unperturbed coefficient A ,,(0) for the 78-68-
keV cascade was measured using a dilute liquid
source in which Brownian motion minimizes the
effects of any perturbing fields. The source used
was 1 uCi of *Ti in 0.4 cm® of 6N HCL. This
acidity was chosen to eliminate any effects of
hydrolysis. The source was placed in a glass
cylinder having an inner diameter of 0. 21 cm and
a length of 6.4 cm. The cylinder was positioned
at a distance of 5.0 cm from the detectors.
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FIG. 1. Time-differential anisotropy of the *Sc cas-
cade observed using “Ti in 6N HCl, Data are uncorrected
for finite solid angle.

For the perturbed experiment, a sample of
polycrystalline PbTiO, containing **Ti was obtained
commercially. Oxides of lead and titanium were
mixed together® and fired to 700 °C three times.
The product was then pulverized and washed sev-
eral times with acetic acid in order to remove
unreacted excess PbO. An inactive sample of the
source material was examined with a powder cam-
era and found to be tetragonal PbTiO; with no de-
tectable impurities. The sample had a specific
activity of 0.7 pCi/mg of Ti and a total activity
of 5.1 puCi. The resultant source was housed in
a cylindrical glass capillary with an inner diam-
eter of 0.12 cm and a length of 1.0 cm. This
source was placed 7.0 cm from the detectors.

III. RESULTS

The anisotropy for the liquid source in the un-
perturbed experiment is shown in Fig. 1. The
data points are uncorrected for the finite solid
angle of the detectors. The initial peak is due to
annihilation radiation associated with the positron
decay of the **Sc ground state, and yields the time
resolution of the coincidence system. The anisot-
ropy is found to be independent of delay time T
out to 285 nsec and has a solid-angle corrected
value of 0.059+0. 001, which agrees well with
previously published results.

The observed time-dependent anisotropy of the
PbTiO; source at room temperature is shown in
Fig. 2. These data are corrected for finite solid
angle. The anisotropy is clearly depressed below
the unperturbed value indicated by the dotted line,
and appears to be an oscillatory function of time.
Such a behavior indicates an interaction between
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the 1+ first excited level of **Sc and some static
field at the scandium-ion site. Since PbTiOj; is
tetragonal at room temperature, an axially sym-
metric electric field gradient at the titanium-ion
site is expected, which can interact with the elec-
tric quadrupole moment of the intermediate level
of **sc.

The experimental time-differential attenuation
coefficient for the PbTiO;3 source can be calculated
from the coefficients A,,(0) and Ay (¢), and is shown
in Fig. 3. Three distinct maxima and minima are
visible. Near the 600-nsec delay the ratio of real
to accidental coincidences is 0. 25, and the ap-
parent behavior of the attenuation coefficient has
little meaning. For a static electric quadrupole
interaction and an intermediate-level spin of I=1,
the time-differential attenuation coefficient has
the form”

Gat)=%+35 coswyt, (4)

where wy is the fundamental interaction frequency.
Since scandium is an impurity in the lead titanate
lattice, it might be reasonable to expect a varia-
tion of the electric field gradient from nucleus to
nucleus. Such a variation results® in a damping

of the attenuation coefficient, since it must be in-
tegrated over a distribution of interaction frequen-
cies. If we assume a normal distribution for the
field gradient, the frequency-averaged time-dif-
ferential attenuation coefficient is

2 2,2
Goplt)=3+%e™ w2 Coswyt, (5)
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FIG. 2. Time-differential anisotropy of the #Sc cas-
cade observed using the polycrystalline lead titanate
source. Data are corrected for finite solid angle, with

the unperturbed anisotropy being indicated by the dashed
line.
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FIG. 3. Time-differential attenuation coefficient Gyy(T)
from the lead titanate data. The solid curve is the theo-
retical Gy(T) for I=1 assuming a fundamental interaction
frequency of 44.6 MHz and a normal distribution for the
electric field gradient with a relative width of 6=0.02.

where § is the relative width of the distribution.

A least-squares fit to our experimental data
with a theoretical curve corrected for finite time
resolution is shown in Fig. 3. The minimum
least-squares sum was 44.9. This gives 6=0. 02
with upper and lower limits of 0.00 and 0. 03,
and a fundamental interaction frequency wy=44.6
+0.5 MHz. This corresponds to an interaction
strength |QV,,| =(3.92+0.05)x10" V. Within the
accuracy of the data, it is very likely that all **Sc
nuclei see the same electric field gradient.

As a check on the calibration of the time-to-
pulse-height converter, the intermediate-level
lifetime of **Sc was calculated using all coincidence
spectra and was found to be 152 +4 nsec. This
agrees well with previously published results. ¢

Since the annihilation radiation due to the positron
decay of the *!Sc grounc state manifests itself in
a large positive anisotropy, care must be taken
not to include it in the attenuation coefficient. The
first data point at 50 nsec, and probably the sec-
ond one at 70 nsec, still contains small amounts
of annihilation radiation and thus does not lie on
the theoretical curve.

The quadrupole moment of the 68-keV level in
#Sc has recently® been calculated, based on di-
rectional correlation'® and Mssbauer!! measure-
ments in BaTiO;. It is found that @ =0.18+0.03 b.
Using this value, we obtain V,,=(2.20+0. 40)
x10%' V/m? as the electric field gradient at the
scandium site in PbTiO3 at room temperature.

As mentioned earlier, the field at the titanium-
ion site is expected to be axially symmetric since
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PbTiOj; is tetragonal at room temperature. This
is shown experimentally by the value of the time-
integrated attenuation coefficient, which depends
strongly on the presence of rhombic fields. Tab-
ulated limiting values of the time-integrated at-
tenuation coefficient G,,() as a function of the
asymmetry parameter 7 show that, for I=1,
Gy5(=) drops from 0.6 to 0.4 as 71 increases from
0 to 0.2. The experimental time-integrated at-
tenuation coefficient was obtained by numerical
integration of the data over 440 nsec and gives
G,,(440 nsec)=0.64+0.05. This compares well
with the theoretical value of G,,(440 nsec)=0. 61
for an axially symmetric static electric quadru-
pole interaction.

IV. DISCUSSION

Recent work'? has shown that the maximum en-
ergy available for the K-electron capture decay of
the **Ti ground state is 272 keV. Using this val-
ue, the recoil energy of the titanium nucleus is
found® to be 0.9 eV. The scandium ions are thus
expected to occupy the original titanium-ion sites.
This should also be true for previous work? done
on BaTiO;. A comparison between the electric
field gradients at the scandium-ion sites in lead
titanate and barium titanate may then be made.
The field gradient in lead titanate is larger by a
factor of 1.46+0. 07.

In the work on BaTiO;, a 6=0. 25 was reported,
and it was argued that this was due to motion of
the scandium impurity during the 50-pusec half-life
of the *!Sc second excited level. The small § we
observed for PbTiO, suggests an alternate explana-
tion for the large 6. The barium titanate source
consisted'* of very large grains with major diam-
eters ranging from 20 to 2000 u. In our work the
source was a fine powder with grains ranging in
size from 0.033 to 0. 33 p across. We suggest
that the large 6 observed with barium titanate is
due to the presence of large nonuniform stresses
incurred during growth of the crystallites. With
better annealing, as in our finely pulverized lead
titanate source, fewer of these stresses are pres-
ent. The fact that the observed interactions in
both barium titanate and lead titanate are axially
symmetric indicates that any nonuniform stresses
present in these crystals are along the polar axis.
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Previous calculations of a {-~matrix approximation to Hubbard’s model of a half-filled
narrow energy band are extended to cover all possible occupancies. The method is exact
in the low-density limit. The paramagnetic state is found to be more stable than in the Kan-
amori approximation. The nearly half-filled band, infinite-repulsion limit is also consistent
with Nagaoka’s prediction. The resulting phase transitions between paramagnetic, ferromag-
netic, and antiferromagnetic states occur at smaller bandwidth/potential-energy ratios than

those of Penn’s Hartree-Fock approach.

1. INTRODUCTION

The authors have previously investigated the
ground state of a half-filled nondegenerate narrow
energy band using second-order perturbation theo-
ry.! This was compared to a ¢-matrix approxima-
tion. The electronic Hamiltcnian used was that of
Hubbard, % and the calculations were performed as-
suming a simple-cubic lattice in the tight-binding
limit.

In the weak-interaction limit, an expansion in the
bare interaction or the reaction matrix is conver-
gent. Such expansions are, however, generally
known to be unreliable for a paramagnetic state at
larger carrier densities and for a strong electronic
interaction. These considerations are fully ex-
panded on in our earlier paper.! But it turns out
that, for the half-filled band in the Hubbard model,
the paramagnetic state becomes unstable in favor
of an antiferromagnetic state before the strength of

the interaction can invalidate either approxima-
tions. Most of the correlation is already included
in this long-range-ordered state since opposite-spin
electrons effectively stay out of each other’s way.
Although it was found that a #-matrix approximation
is uncalled for in the half-filled-band case, it is
necessary in the low-carrier-density limit. As
shown by Day?® the ¢{-matrix approximation is the
first term in a power-series expansion in the den-
sity and thus exact at low electron or hole occupan-
cies. It then appears worthwhile at this stage to
extend the /-matrix calculations to cover all band
densities. The resulting paramagnetic, ferromag-
netic, and antiferromagnetic phase study will be
accurate at low density or larger bandwidths. The
only questionable results would be those for large
occupancies and large repulsion.

All calculations will again be performed for a
simple-cubic structure in the tight-binding limit at
absolute zero of temperature. The interatomic dis-
tance is normalized to 1.



