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The total-energy calculations are carried out to obtain the axial ratio (c/a) variation with compression for
cadmium. We find two anomalies as compared to a single anomaly atV/V050.85 observed in the experimental
data. The first anomaly atV/V050.95 is due to electronic topological transition~ETT! and correlates well with
the anomaly observed in the existing resistivity data. We find the 4d-orbital overlap, coupled with transfer of
electrons fromd to s states as the cause of second anomaly. This observation is in contrast to the existing
understanding in zinc, where thec/a anomaly is attributed to the destruction of a giant Kohn anomaly by ETT.
Nondestruction of giant Kohn anomaly in cadmium at high pressures is in disagreement with the current view
in the literature that its Fermi surface is identical to that of zinc.@S0163-1829~97!02044-4#
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Zn and Cd metals have been the subject of intense th
retical and experimental investigations, mainly because t
crystallize in hexagonal closed packed~hcp! structure with
unusually largec/a ratios (c/a51.856 for Zn and 1.886 for
Cd! and hence many of their solid state properties are hig
anisotropic.1–4 The application of pressure affects the bon
ing anisotropy, and hence alters a variety of physi
phenomena.5–7 One of the main changes occurs in the top
ogy of Fermi surface, which causes changes in transport
other physical properties. Under ambient conditions, Cd
almost identical Fermi surface topology as that of Zn exc
that the horizontal arms of the second band hole surfac
pinched off to separate the sections near the lateral z
edges, and the third band electron sheet needles at thK
points in the Brillouin zone~BZ! are absent.1 As these fea-
tures of the Fermi surface sheets of Zn appear in Cd un
pressure at about 1.7 and 3.5 GPa, respectively,6 it is pres-
ently thought that Cd should undergo similar changes as
under compression but at higher pressures.

A significant feature of Cd and Zn is the presence of gi
Kohn anomaly at ambient pressure. A giant Kohn anom
can occur if for a certain reciprocal lattice vectorG0, the
Fermi surface lies in a local band gap5,8 with 2kF5G0 for
some Fermi surface radiuskF . As a consequence, th
anomaly occurs at long-wavelength acoustic and o
560163-1829/97/56~23!/14871~4!/$10.00
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phonons~i.e., q50), and can be very pronounced. The ma
focus of the recent studies has been to relate the obse
experimental anomalies to the destruction of giant Ko
anomaly8 due to electronic topological transition9 ~ETT! un-
der pressure. In a recent low-temperature (T54.2 K!, high-
pressure Mo¨ssbauer experiment on Zn, Potzelet al.5 ob-
served that the Lamb-Mossbauer factor~LMF! drops off
sharply at a pressure of 6.6 GPa. As the LMF is more s
sitive to low-frequency phonons, it was argued that soften
of the low-frequency acoustic and optical phonons is
reason for abrupt decrease in LMF. Potzelet al.5 also find
from their scalar relativistic linear augmented plane wa
~LAPW! calculations that at a pressure of 6.6 GPa, an E
occurs that destroys the giant Kohn anomaly and cau
changes in the phonon spectrum. Thus Mo¨ssbauer experi-
ments suggest that the lattice dynamics of Zn are stron
influenced by ETT at high pressure. This is further suppor
by the recent inelastic neutron scattering studies of Mor
et al.10 from single crystals of Zn under pressure at roo
temperature, which clearly show that a phonon softening
curs at a pressure of 9 GPa due to the collapse of the g
Kohn anomaly via ETT. Very recently the measurements
c/a values of Zn have been made by Takemura7 from high-
precision powder diffraction experiments involving state
the art techniques consisting of diamond anvil cell, synch
14 871 © 1997 The American Physical Society
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tron radiation, and imaging plate. He finds excellent corre
tion between the measured and our previous theore
estimates11 of c/a values. The presence of thec/a anomaly
under pressure as predicted by us has been confirmed ex
mentally and our findings of relating it to the electronic tra
sition have been supported by Potzelet al.5 In fact the rela-
tive volume (V/V0, V0 being the volume at normal pressur!
range where thec/a anomaly occurs is in agreement with th
destruction of the giant Kohn anomaly.

Due to the intense activities in relating the destruction
the giant Kohn anomaly to the observed anomalies in Zn,
present work on a similar metal Cd is aimed at study
whether thec/a anomaly observed in Lynchet al.’s12 and
Takemura’s13 data is related to the vanishing of the gia
Kohn anomaly under pressure. As the energy dispersiv
ray diffraction work of Schulte, Nikolaenko, and Holzapfel14

and neutron inelastic scattering work by Morganet al.10 have
created doubt about the presence of thec/a anomaly in Zn,
the present work is also partly aimed at theoretical calcu
tions of c/a under compression for Cd, which has an ele
tronic structure similar to Zn at ambient conditions.1 We find
that the giant Kohn anomaly in Cd persists at high pressu
in contrast to Zn, and the cause of the anomaly in thec/a
ratio observed in the experimental data atV/V050.85 and
around 10 GPa is not its destruction following ETT. In a
dition, we find a weak anomaly in the axial ratio arou
V/V050.95 due to the ETT in agreement with resistan
anomaly at 3.5 GPa.6 Our present studies reveal that Fer
surface changes in Cd under pressure are not identica
those of Zn.

We employed the scalar-relativistic linear muffin-tin o
bital ~LMTO! method15 within the local density approxima
tion ~LDA ! for self-consistent electronic structure studies.
frozen core with 4d105s2 valence configuration is taken wit
Barth-Hedin exchange correlation16 and withs, p, d, and f
components retained in the angular momentum expansio
the muffin-tin orbitals. The calculations included the co
bined corrections to the atomic sphere approximat
~ASA!.17 The c/a ratio is obtained by finding the minimum
of total energy at each volume. The calculations for Cd us
462k points in the BZ at each compression were carried
in hcp structure by varying thec/a ratio from 1.9 to its ideal
value 1.63. The results of such calculations atV/V051.0 are

FIG. 1. Variation of the atomic sphere approximation contrib
tion and muffin-tin correction to the total energy as a function
c/a at V/V051.0 for cadmium.
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displayed in Fig. 1. It is seen that the ASA values of to
energy do not show a minimum. This is because the A
total energy functional includes only thel 50 contribution to
the total intercellular Coulomb interaction and that vanish
for monoatomic solids. In order to improve upon this a
proximation, the intercellular interaction in muffin-ti
approximation18 was computed in a manner discussed in o
earlier studies11 on Zn. This correction term as shown in Fi
1 when added to ASA values of total energy gave a m
mum atc/a51.65. However, it has been well established18,11

that this correction term may not always be adequate.
therefore adjusted it to reproduce the experimentalc/a value
of 1.886 at normal pressure. This parameter of the muffin
correction term was then kept fixed for all other compre
sions. At normal pressure, our calculated electronic struc
agrees well with the available experimental and theoret
data1,6,19,20on Cd, and also displays some of the well-know

-
f

FIG. 2. Thec/a variation with V/V0 for cadmium. The solid
line is calculated from total-energy calculations and is compa
with two experimental data sets@ - • - : Lynch et al. ~Ref. 12! ;
— : Schulteet al. ~Ref. 14!#.

FIG. 3. The calculatedc/a variation as compared with the re
cent imaging plate experimental data of Takemura~Ref. 13!.
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features of the pressure variation of the Fermi surface to
ogy. For example, the linking of the horizontal arms of t
second band hole Fermi surface as observed in de Haas
Alphen ~dHvA! experiments,6 which is also associated wit
the peak in the thermoelectric power data21 around 1.7 GPa
pressure. Secondly, the appearance of theK-point needle in
the third zone electron sheet of the Fermi surface, wh
gives an anomaly in the pressure dependence of resistivi
pressure of 3.5 GPa at room temperature.6

In Fig. 2 we have compared thec/a values as a function
of compression with experimental data of Lynchet al.12 and
Schulteet al.14 Our calculations show two anomalies in th
variation of c/a as a function of compression. The fir
anomaly is aroundV/V050.95 and seems to be absent
both the experimental data sets depicted in the figure. H
ever, as pointed out earlier, an anomaly in the resistivity d
had been reported at 3.5 GPa pressure,6 and also our own
resistivity and thermoelectric power measurements con
the existence of this anomaly. The details of these exp
mental results will be published elsewhere.22 In fact our elec-
tronic structure calculations as a function of compression
veal that around this pressure theK1 level moves from an
unoccupied to an occupied state, and this ETT had also b
correctly given as the explanation in Ref. 6 for the a
pearence of needles in their dHvA experiments. The sec
c/a anomaly occurs atV/V050.85 where Lynch and Dricka

FIG. 4. Electron energy bands along the symmetry lineL-H on
the BZ boundary surface for~a! zinc, and~b! cadmium. Both the
calculations were carried out at relative volume ratioV/V050.8.
The dashed line indicates the Fermi levelEF .
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mer’s data12 show a strong anomaly. Ourc/a values are seen
to compare better with Lynch and Drickamer’s data12 than
that of Schulte, Nicolaenko, and Holzapfel,14 which does not
show the anomaly. We have further compared, in Fig. 3,
c/a values with high precision imaging-plate-based powd
diffraction data of Takemura.13 Our c/a values correlate very
well with his data though there is no clear indication of t
first anomaly in his data.23 The second anomaly occurs
V/V050.85 and is in excellent agreement with the expe
mental results. Thec/a value at this anomaly is 1.7 and is i
fair agreement with Takemura’s value13 of A3. It may be
noted that our calculations give slightly higherc/a values at
higher compressions and tend to approach the idealc/a
value of 1.63 for the hcp structure.

In order to find the possible connection of thec/a
anomaly with the destruction of giant Kohn anomaly~due to
ETT at theL point!, we have studied variations of FS topo
ogy around theL point in various directions. Figure 4 depic
the electron energy bands near the FS along theL-H direc-
tion for ~a! Zn and~b! Cd at the compression ofV/V050.8,
as all the anomalies of experimental data occur below
compression, and reveals the contrasting features in Zn
Cd about the destruction of the giant Kohn anomaly. In C
the Fermi level (EF), which is in the so-called local ban
gap5 at the L point of BZ surface at normal pressure~not
shown in the figures, see Ref. 1 for details!, continues to
remain so at high compressions;24 whereas it is clearly seen
in Zn that theL level in the vicinity ofEF that is unoccupied
at normal compression~see Ref. 1! moves down across th
Fermi level @Fig. 4~a!# thus destroying the giant Kohn
anomaly. This qualitatively contrasting nature of the var
tion in the relevantL point energy level with respect toEF is
not expected to change in a more accurate full potential
culation, or by applying corrections to LDA through the ge
eralized gradient approximation. Note that our calculatio
apply identical approximations for Zn and Cd; the nature
the variation in Zn, mentioned above, agrees with the exp
mental findings and the full potential calculations5; the c/a
values are comparable for Zn and Cd, and more importan
the c/a values decrease towards the ideal value under c
pression, and hence the ASA results become more reliab
higher pressures. Hence, at least in Cd, thec/a anomaly at
V/V050.85 is not due to the destruction of the giant Ko
anomaly at theL point of the BZ. The details of our elec
tronic structure calculations show a continuous, though s
transfer of electrons fromd to s,p states due to the relativ
shifts and broadenings of these bands. In the region of
anomaly the 4d bandwidth increases rapidly and a change
1 eV from its value at normal pressure is seen. Also, ab
0.1 electron/atom is transferred fromd to the more delocal-
ized s-p states. This causes the turnover in the 4d-partial
pressure from negative~filled band! to positive contribution
around this anomaly. This observation is similar to our fin
ings in indium,25 but is not significant in Zn in the region o
c/a anomaly.

In summary, we simulated the axial ratio variation wi
pressure for Cd and found that its variation shows anoma
We have shown that the main anomaly observed aro
V/V050.85 is not due to the destruction of the giant Ko
anomaly at theL point of the BZ, which is in contrast to the
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current understanding in Zn. Our calculations show that
value ofc/a at this anomaly in Cd is 1.7. Also, we obtain
weaker anomaly aroundV/V050.95 (c/a51.82), which has
not been observed experimentally, and hence, more elab
experimental investigations and careful analysis around
compression would be useful.
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