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The electric quadrupole interactions produced by near-neighbor impurity atoms of Cu,
Zn, In, Sn, and Au in a cubic Ag metal lattice are measured as a function of temperature
by the time-differential perturbed angular correlation method. The obtained electric
quadrupole frequencies w can be reproduced by the relation w (T') =w (0) (1 -aT%?) with a
strong dependence of the coefficient @ on the impurity atom. The results are discussed
in terms of recently proposed models to explain the 73 dependence.

The temperature dependence of electric field
gradients (EFG’s) has been measured for several
noncubic metals such as Zn and Cd (hexagonal),
Sn and In (tetragonal), and g-Ga (monoclinic). An
analysis of these results shows that the quadru-
pole frequency wy=eQV,,/7 at the nuclear sites
is well reproduced by a 7°?2 relation.!

It has been known for many years that when an
impurity atom is introduced into a cubic metal,

the cubic symmetry is destroyed and nuclei near
the impurity experience EFG’s. These fields are
generated by the valence difference between host
and solute and by lattice strains (size effects),

In general any disturbance in the periodicity of
the lattice gives rise to a redistribution of con-
duction electrons around the solute and conse-
quently creates an EFG. This subject has been
extensively studied by NMR techniques,®® and
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more recently was also investigated by the time-
differential perturbed-angular-correlation
(TDPAC) method.%”

In this paper we use the TDPAC to study the
temperature dependence of quadrupolar interac-
tions in the cubic Ag host doped with Cu, Zn, In,
Sn, and Au impurities. Although the Sn data have
been presented previously,” they are included in
this paper for completeness. The radioactive
probe nuclei were produced by the reaction
19°Ag(a, 2r)'"'In where the ''In nuclei decay to
11Cd by electron capture. We measured the in-
teraction of the quadrupole moment @ of the 247-
keV nuclear state, lifetime 7=120 ns, in Cd with
the EFG’s produced by the impurities, The im-
purities (3 at.%) were introduced into Ag by melt-
ing the constituents (with purity =99.99%) under
argon atmosphere and annealing the alloys, also
in argon, for 2 h, This means that our samples
contain three components: the host, Ag; the im-
purity solute atoms; and the very dilute radioac-
tive probe nuclei of 'In.

The TDPAC factors G,,(t) contain the quadru-
pole interaction frequencies. For randomly ori-
ented static EFG’s V,, with axial symmetry,
these factors are given by the expression

3
() =00+ 27 0,,co8(nwyt) exp(~ 3onwyt), (1)
n=1

where for I=3, w,=3eQV,,/20%. The term

exp(— %6nwot) gives the Lorentzian distribution of
frequencies having a width 6. Characteristic
spectra for Au and Zn impurities at different tem-
peratures are shown in Fig. 1. The shape of the
Gy,(t) curves reflects a distribution of EFG’s with
a sharp frequency superimposed on the gradually
declining curves. The full lines in the curves are
computer fits, assuming that a part of the probe
nuclei are subjected to a high-frequency interac-
tion w," and a second part to a distribution of low
frequencies centered around w,’, while a third
part consists of unperturbed probe nuclei, which
do not feel any hyperfine field. The sharp fre-
quency is associated with the hyperfine field pro-
duced by an impurity-atom nearest neighbor to
the probe nucleus. The distribution of low fre-
quencies is due to impurities occupying sites at
various different atomic distances from the probe
nuclei, Table I displays the values obtained for
the high and low frequencies.

The temperature dependence of the sharp quad-
rupolar frequencies w," is plotted in Fig, 2 as a
function of 732 for the five impurities, These re-
sults are for the same concentration of solute
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FIG. 1. Gyy(t) perturbation factor: curves a and b
for Au impurity at 293 and 673°K; curves c and d for
Zn impurity at 77 and 423°K.

(3 at.%) and show that there is a drastic effect of
the impurity on the slope of the temperature de-
pendence. Heubes ef al.® first suggested the rela-
tion :

w(T)= w(O)(1 - aT*?) (2)

to explain the measured temperature variation of
the quadrupole frequency in noncubic metals.

The full lines in Fig. 2 are fittings using expres-
sion (2) for the quadrupole frequency, giving for
the constant o the values <1077, <2.5x10°% (2.5
+0.3)x107° (3.2+0.3)x10°°, and (7.6+0.5)x10°°
for Cu, Au, Sn, In, and Zn impurities, respec-
tively.

Besides the differences in mass of the impurity
there is a valence difference AZ between solute
and solvent. For impurities of Cu and Au, both
with AZ=0, and masses differing by a factor of 3,
the quadrupolar interaction shows a very small
temperature dependence. Large effects in the
slope are observed in the case of Zn, In, and Sn



VoLuME 38, NUMBER 8

PHYSICAL REVIEW LETTERS

21 FEBRUARY 1977

TABLE 1. Quadrupolar frequencies obtained from
the fitting of the experimental curves Gy, (¢).

Impurity Temperature wg mg
(°x) (MHz) (MHz)
Cu 77 125 + 4 5.2 £+ 0.5
293 132 + 4 5.4 £+ 0.4
473 118 + 4 5.7 + 0.3
673 129 £ 4 4.9 £ 0.5
Au 77 28.2 + 0.9 3.3 £ 0.7
293 27.1 £ 0.5 2.8 + 1.0
473 28.5 £ 0.5 2.3 0.5
673 26.5 £ 0.5 1.3 £ 0.5
Zn 77 279 £ 5 4.44 = 0.50
293 160 = 5 4.60 = 1.50
323 156 + 5 2.19 + 0.40
373 131 £ 5 1.07 + 0.47
423 106 + 5 2.70 + 0.60
In 77 357 = 7 7.7 £ 0.5
293 314 = 5 6.3 £ 0.5
673 163 = 5 6.6 £ 0.5
Sn 90 606 + 15 9.7 + 0.3
300 550 = 10 9.9 £ 0.3
673 345 = 10 9.2 + 0.3

impurities; for Zn (AZ=1) the constant « in Eq.
(2) is 3 times larger than for Sn (AZ=3) and 2.4
times larger than for In (AZ=2), The mass of
Zn is smaller than that of Ag, and In and Sn have
masses of the same order as Ag. These results
show that the temperature behavior of the EFG’s
generated by an impurity cannot be explained in
a straightforward way purely from the considera
tion of AZ and/or differences in mass of the im-
purities.

The recently proposed theories to explain the
T¥2 dependence of the EFG*!° are for pure met-
als only and do not apply directly for the kind of
alloys studied here. Nevertheless it is interest-
ing to comment briefly about the approaches used.
Jena® considers the interaction of the conduction
electrons with the phonons of the lattice and de-
duces a T32 dependence of the EFG in noncubic
metals, The calculation is made in the Debye-
Waller model, and the main conclusion is that
the conduction electron part is largely responsi-
ble for the T dependence of the EFG. As our data
show large effects only for impurities with va-
lence different from that of the host, the observed
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FIG. 2. Temperature dependence of the quadrupole
interaction frequency plotted against 73 for impuri-
ties of Cu, Zn, In, Sn, and Au.

slopes could be correlated to the 7 dependence of
the conduction-electron screening of the excess
charge in the vicinity of the solute. An extension
of the model for the systems investigated in this
paper is desirable.

In a similar approach Nishiyama et al.'° suc-
cessfully fitted the 732 behavior in noncubic met-
als, including explicitly the effect of the host lat-
tice vibrations, with the main contribution being
from the variation of the Debye-Waller factor of
the ions. As the host and the probe nuclei are
the same in our samples, the observed different
slopes could be correlated with local vibrations
of impurities having different size, mass, and
charge. An initial difficulty in this approach is
that Cu and Au impurities with different masses
show very similar effects, in spite of the fact
that, as is known from Mdssbauer measurements,
there are differences in the 7 dependence of the
Debye-Waller factor for light and heavy (relative
to the host mass) impurity atoms.

Finally, there is the suggestion by Christiansen
et al.' based on an interaction between neighbor-
ing atomic quadrupoles giving rise to elementary
excitations in analogy to magnon excitation in a
ferromagnet where a T%2 law of the magnetiza-
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tion is derived. Our results cannot be explained
within the framework of this approach, firstly,
because we observe a strong 7%% dependence in

a doped cubic metal where it is difficult to as-
sume such an interaction; secondly, because we
observe a correlation between the intensity of

the quadrupole nuclear interaction and the strength
of the temperature variation, characterized by

the coefficient ¢, which is opposite to what should
be expected in the proposed model.

We would like to add that the low-frequency dis-
tributions also display a temperature-dependent
variation but because the errors are large we are
not extracting definite conclusions.

In summary the present experimental results
show that in a cubic metal doped with impurity a
T*?2 relation for the EFG is also observed and
that the slope of this temperature dependence
strongly depends on the valence and/or mass of
the impurity.
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Electronic Excitations in LiF: 10-70 eV#*
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In the past three years, a number of different interpretatons of the optical properties
of LiF have appeared in the physics literature. We present new evidence which shows
that most of these interpretations are incorrect in the soft—x=-ray region, and for the
first time we present measurements of anisotropies in the excitations in the ultraviolet
region as a function of momentum transfer in single-crystal samples.

LiF is often thought of as the “hydrogen atom”
of the insulators: It has the simplest atomic con-
stituents and therefore its electronic properties
ought to be understandable at a basic level, Nev-
ertheless, in spite of a continuing effort over the
years, including much recent activity,'™® there re-
main large gaps and discrepancies regarding its
fundamental electronic excitations. In the pres-
ent work, inelastic electron scattering spectra
were obtained for LiF thin films using the Prince-
ton inelastic scattefing spectrometer.® Samples
were of two kinds: polycrystalline thin films
evaporated onto a thin Formvar substrate, and
single-crystal self-supporting films prepared by
mechanical polishing followed by ion milling. In
each case the films were exposed to air for a
short period of time after preparation and before
measurement, Film thicknesses used in the re-
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sults reported here varied from 1000 to 3500 A.
The data presented in this Letter have not been
corrected for multiple scattering, although such
an analysis has been carried out and will be pre-
sented at a later date. With the exception of ex-
perimental values of oscillator strengths, the
present discussion depends only on the shapes of
features and not on absolute values of the re-
sponse function. Two kinds of new experimental
results are presented here:

Localized excitations.—The operator which
causes excitations in inelastic electron scatter-
ing is® ¢'3' T where 7 is the position of an elec-
tron and § the transferred momentum. In the
case of a localized initial state this operator may
be expanded: e?9°F =1+iq+F+3(q+7)2+.... The
first term does nothing since initial and final
states are orthogonal; the second term, which



