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Based on ab initio band-structure calculations we formulate a general theoretical method for
description of the temperature dependence of an electric-field gradient in solids. The method
employs a procedure of averaging multipole electron-density component (1#0) inside a sphere
vibrating with the nucleus at its center. As a result of averaging, each Fourier
component (K+#0) on the sphere is effectively reduced by the square root of the Debye-Waller
factor [exp(—W)]. The electric-field gradient related to a sum of K components most frequently
decreases with temperature (T), but under certain conditions because of the interplay between
terms of opposite signs, it can also increase with T. The method is applied to calculations of the
temperature evolution of the electric-field gradients of pristine zinc and cadmium crystallized in
the hexagonal lattice. For calculations within our model, of crucial importance is the
temperature dependence of mean-square displacements which can be taken from experiment or
obtained from the phonon modes in the harmonic approximation. For the case of Zn, we have
used data obtained from single-crystal x-ray diffraction. In addition, for Zn and Cd, we have
calculated mean-square displacements with the density-functional perturbation treatment of
the quantum espresso package. With the experimental data for displacements in Zn, our
calculations reproduce the temperature dependence of the electric-field gradient very accurately,
see Fig.1. Within the harmonic approximation of the quantum espresso package, the decrease in
electric-field gradients in Zn and Cd with temperature is overestimated. Our calculations
indicate that the anharmonic effects are of considerable importance in the temperature
dependence of electric-field gradients [1].

The EFG tensor V; is defined as the second partial spatial derivatives of an electric self-consistent-field
potential V evaluated at the nuclear site (where i = x,y,z):

Since V; is a symmetric (traceless) second rank tensor, it can be further diagonalized by transforming
coordinates to the principal system of axes where |V,, | >|V,, |> |V,, |. (Thus, the number of independent
parameters for the EFG in the principal axis system is reduced to two.) The principal component (V,, ) is called
the electric-field gradient, and the second independent parameter is the asymmetry n defined as n = (V, -V,
)/V,, (0 <n <1). Very often, EFGs demonstrate a strong temperature (T) dependence which can be described
by a equation of this form V_(T)=V_(T = O)(l —BT”)

where the coefficient B > 0 implying a smaller EFG with increasing T and the coefficient a is usually 3/2. Later,
however, this “universal” form of the T dependence was corrected: It was attributed to normal (sp) metals,
whereas for transition metals, deviations from the 3/2-law were notable (down to a = 1). In some cases, the
quadratic approximation, also gave good quality fits. Even in classical systems, such as 67Zn or *11Cd probes in
cadmium metal, there were found pronounced deviations from the T3/2 law at low temperatures.

The temperature dependence of the EFG is clearly a manifestation of both electron and phonon properties. To evaluate

correctly V.
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we have to effectively average it over atomic vibrations because a typical frequency of the lattice

vibrations (1 THz = 102 Hz) is large compared to a typical quadrupole frequency (100 MHz = 108 Hz) experienced by

nuclear probes in solids.

FIG. 1. Vibrations of MT-spheres n = 1-4 and the interstitial
region (/). The dashed lines: averaged surfaces positions in the ideal
structure; the full (red) lines: instantaneous positions; the arrows
indicate the sphere displacements u,, n = 1-4. As a result of sphere
vibrations, the averaged quadrupole potential (V) on the sphere
surfaces is reduced, see the text for details.
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Here, the factor R™'(T") accounts for
the change in the potential due to all charges outside the MT
sphere, whereas v, and v5 ) are temperature independent
(calculated with an ab initio electron band-structure method).
In pracllce, v(, o) is found to be small (1-3%) compared
1o v o). Since in addition, the difference between R*" and
R™ is not essential, in the following, for simplicity, we take
R =~ R, Then, the temperature dependence of the EFG is
completely due to the change in pp inside the MT sphere and

Vae(T) % R(T V..

The quadrupole potential on the MT-sphere consists
of two contributions,

S _ 175, out S, in
Vo =Vy ™ +V,

Here, VQS“’“' and VQS"“ are the potentials due to all charges
outside the MT sphere and inside it, respectively. Corre-
spondingly, for the quadrupole potential V at any point ¥ =
(r, 8, ¢) inside the MT sphere, we have

Vo(7) = V" () + V().

V3" 0.¢) = Vg™
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(for hep lattices Sg = YZO) and

in Q(Y)
Vo' (0, ¢) = + gy (r) | Sa(®. ¢).

Here,
qo(r)y = f ooy dr,
0

, o po(r”)
qQ(r)=/ 'uQr/ dr’

out are obtained from VQ"“‘/r2 and VQi“ /rt

Here, vy and vg
when r — 0.
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Conclusions. We have presented a method which can
describe the temperature evolution of electric-field
gradient V,, in metals.
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Plots of the T dependence of electric-field gradient
V..(T)/V..(T = 0) for Zn and Cd as functions of 72,
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