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The temperature dependence of the electric field gradient for indium as an impurity in cadmium metal
has been measured using the time-differential y-y angular correlation technique. The results, combined
with previous work on the In-Cd system, strongly support the assumption that the electric field
gradient for this system is determined by the host lattice.

INTRODUCTION

Electric field gradients (EFG’s) in metals are
very sensitive to the total electron distribution in
the surroundings of the probe atom and not, as for
example in the case of macroscopic transport
properties and Knight shift, just those at the
Fermi surface. They should, therefore, provide
a good test of the theoretical electronic wave func-
tions in metals. Unfortunately, the EFG is a prod-
uct of several contributing factors which are dif-
ficult to separate. Among these are the very often
unknown nuclear electric quadrupole moment,
bonding effects, Sternheimer factor in solids, as
well as the conduction-electron distribution. One
can hope that by studying the systematics of EFG’s
a clearer understanding will emerge. It is with
this expectation that the following work was under-
taken.

EXPERIMENTAL

The samples of cadmium metal were produced
by the reduction, under hydrogen, of 97.2% iso-
tropically enriched !*CdO® in a quartz tube. The
chemical impurities are stated to be less than
0.2%. After preparation, samples were sealed
in the quartz tube in a residual atmosphere of hy-
drogen gas.

Three different samples were prepared and used
interchangeably for the measurements. Samples
were irradiated for 20 min in a thermal neutron
flux of 1.2x10' neutrons/cm?sec.

The nuclear level of interest is that at 659 keV
in *"In witht,,,=53.5 nsec, I=3. It was studied
via the 90-345-keV y-y cascade. It is reached
after the g~ decay of *'Cd (T, ,,= 2.5 h) which is
produced by the thermal neutron reaction
16cd(y, y)tt'cd. 2

Since the theory and practice of time-differen-
tial perturbed y-y angular correlations (DPAC)
have been well described elsewhere® we will re-
strict ourselves to only the details of our specific
case. The apparatus consisted of a conventional
“fast-slow” system with two Nal (T7) detectors at
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a fixed angle of 180°. For the 90-keV photon we
used a 0.5X%1.5-in. -diam crystal and for the 345-
keV photon, a 1.5X1.5-in. -diam crystal.

The DPAC function for this case is®

W(6,1)=[1+A,G,(t)P,(cosb)le /T,

which with =7 reduces to [1+A4,,G,(t)]e"*/", where
T is the lifetime of the intermediate state (in this
case 77 nsec), A,, is the angular correlation co-
efficient, and G,(¢) is the perturbation factor. For
the case of a pure axially symmetric, randomly
oriented EFG and nuclear spin I=32, the perturba-
tion factor G,(t) is given by

G,(t)=%(1+4coswet) |,

where wq=3e%Qq/2I (2I - 1)% and eq is the EFG at
the nucleus and the quadrupole coupling constant
e%Qq /h=wy/T.

The experiment was performed to determine
e?Qq /h for various temperatures. The data analy-
sis was carried out as follows: From the raw
W(0, t)eype data from the multichannel analyzer, a
constant background due to the accidental coinci-
dences was subtracted to give, roughly, a straight
line with slope 1/7 on a logarithmic plot. The da-
ta were then divided by the function Ipe~*/" giving
the experimental Ay G 5(¢)ege- This was then least-
squares fitted to a function of the form

A6 o(t) expt = 3a[1 +4 coswo(t — )] +b,

with a, wg, fy5, and b as parameters.

For the low-temperature experiments a glass
Dewar vessel was used and the sample was im-
mersed in the cryogenic fluid. For the experi-
ments above room temperature, a double-walled,
Dewar-type furnace was constructed. On the inner
glass wall a Nichrome heating wire was wound
whose electrical power came from a constant-cur-
rent power supply. The samples were attached
with wire to one of a set of seven normal thermom-
eters, covering the range of (0-350) °C, which was
inserted into the furnace. The source-to-detec-
tor distance was 3.5 cm for both detectors in all
experiments.
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FIG. 1. Typical time spectra analyzed as described
in the text to obtain Ay,Gy () egpt-

RESULTS

Some typical time spectra are shown in Fig. 1.
In this obviously favorable case it is possible to
obtain a value of e%Qq/h with 1% accuracy in about
2-h measuring time.

In Table I the results for all our measurements
are summarized. The errors given include those
from the uncertainty in the least-squares fit and
systematic errors in the time calibration and are
understood to be standard deviations. The room-
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FIG. 2. Electric field gradients in the In-Cd system
under the assumption eq(Cd*''Cd, 80 °K) =eq(Cd!!"In,
77 °K). This gives Q(!!'Cd)=0.54 b. O, Ir''!Cd, Ref. 6;
@, In''’In, Ref. 16; M, Cd'''Cd, Ref. 10; and O, Cdll'In,
this work.
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temperature result is in very good agreement with
previous measurements of Haas and Shirley* and
of Raghavan and Raghavan.® The quadrupole cou-
pling constant extrapolated to 0 °K is found to be
e?Qq/h=163.3 MHz.

DISCUSSION

The following discussion will be, of necessity,
qualitative, as a complete discussion of the vari-
ous systems can only be carried out in the light of
a band-structure calculation. As the problem of
EFG’s at impurities in metals has not been treated
extensively, we hope that our discussion may stim-
ulate some efforts in that direction.

In order to compare the EFG’s in the four sys-
tems CdIn, CdCd, InIn, InCd one needs to know the
quadrupole moments of the various nuclei. Since
that of ''Cd has not been experi.nentally deter-
mined, we have chosen to follow the assumptions
of Brandt and Rosenblum® and Bodenstedt et al.”
that the EFG’s depend only on the host lattice. ®
We have normalized the data by assuming that the
EFG for In in Cd is equal to the EFG for Cd in Cd
at 77 °K. This gives |Q(*!'**Cd)|=0.541b. With
this value and the known quadrupole moments of
Q(*%In) = +0. 863 b° and |Q(*1™In)| =0.64 b5 we
obtain the temperature dependence for the four
cases, as shown in Fig. 2.

This argument can be carried even further in
regard to the sign of the EFG as a result of recent
experimental and theoretical work. For Cd metal
the sign of the EFG has been determined to be
positive from both the theoretical'! and experimen-
tal side.'?

For In the situation is not quite so clear. From
arguments about the systematics of the EFG in In
alloys, Thatcher and Hewitt'® conclude eq < 0.
However a circular-polarization-directional-cor-
relation measurement by Behrend and Budnick!*
gives eq > 0 under the assumption that -
Q(****cd)>0.° It would be very useful if this dif-
ference could be resolved since this would allow
determination of the sign of other quadrupole mo-
ments. Because of this discrepancy we have only
plotted |eq | for Cd and In.

TABLE I. Quadrupole coupling constants of 11In in
cadmium.

Temperature e%qQ/h

€K) (MHz)
77 160.5(19)
294(3) 146.0(15)
380(3) 140.9(17)
435(3) 135.3(19)
480(3) 126.6(16)
529(3) 120.5(15)
582(3) 114,1(13)
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From this figure it is clear that the assumption
that the EFG is characteristic of the host lattice
is strongly confirmed. For both the In®!® and
Cd'7 lattice, the EFG arising from the ion cores is
much too small to explain the measured quadrupole
interaction. This is a clear indication that the
conduction-electron component is the determinative
one. This has been confirmed in the case of Cd in
a recent pseudopotential calculation by Mohapatra,
Singal, and Das'! in which they found that the elec-
tronic contribution is 3.5 times larger than the
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ionic contribution.

ACKNOWLEDGMENTS

We would like to thank the staff at the Forschungs-

und Messreaktor der Physikalisch-Technischen
Bundesanstalt in Braunschweig for their help with
the irradiations. We are also grateful for the
interest of Dr. E. Recknagel in this work and for
financial support from the Bundesministerium
fiir Forschung und Technologie.

!From Oak Ridge National Laboratory, Oak Ridge, Tenn.

2For details of the decay scheme see P, R. Gregory and

M. W. Johns, Can. J. Phys. 50, 2012 (1972).

H. Frauenfelder and R. M. Steffen, in a- g- and y-Ray
Spectroscopy, edited by K. Siegbahn (North-Holland,

Amsterdam, 1966), Vol. I, p. 997 ff.

‘H. Haas and D. A. Shirley, University of California,
Lawrence Berkeley Laboratory Report 20426, p. 208
(1970) (unpublished).

R. S. Raghavan and P. Raghavan, Phys. Rev. Lett. 28,
54 (1972).

D. Brandt and S. S. Rosenblum, J. Phys. Soc. Jap.,
Suppl. 34, 178 (1973).

"E. Bodenstedt, U. Ortabasi, and W. H. Ellis, Phys.

Rev. B 6, 2909 (1972).

8%See R. S. Raghavan, P. Raghavan, and J. M. Friedt,

Phys. Rev. Lett. 30, 10 (1973) for a divergent opinion

of this assumption.

’G. H. Fuller and V. W. Cohen, Nucl, Data Tables A 5,

433 (1969).

10Except for the points at 4 and 80 °K, all values were

taken from J. Bleck, R. Butt, H. Haas, W. Ribbe, and
W. Zeitz, Phys. Rev. Lett. 29, 1371 (1972). These
two values are from Ref. 17, See Bleck et al. for a
discussion,

1IN, C. Mohapatra, C. M. Singal, and T. P. Das, Phys.
Rev. Lett. 31, 530 (1973).

2g, s. Raghavan, P. Raghavan, and E. N, Kaufmann,
Phys. Rev. Lett. 31, 111 (1973); Phys. Rev. Lett. 31,
802(E) (1973). The sign of Q(1%*In) is expected to be
negative, cf. Ref, 4.

3F, C. Thatcher and R. R. Hewitt, Phys. Rev. B 1,
454 (1970).

144, S, Behrend and D. Budnick, Z. Phys. 168, 155
(1962).

151, S. Kisslinger and R. A. Sorenson, Rev. Mod. Phys.
35, 853 (1963).

16R. R. Hewitt and T. T. Taylor, Phys. Rev. 125, 524
(1962).

TR. S. Raghavan and P. Raghavan, Phys. Lett. A 36,
313 (1971).



