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Recently an anomaly in thecya ratio for hcp Zn was observed as a function of hydrostat
compression [Takemura Kenichi, Phys. Rev. Lett.75, 1807 (1995)]. The anomaly is even more
pronounced for the lattice parametera in the hexagonal plane. By means of accurate first principl
calculations we demonstrate that at a specific volume the distances between the atoms with
hexagonal planes of Zn actuallyincreasewhen the volume is decreased. By an explicit separati
of the various contributions from different volume segments of the Brillouin zone we conclude
the electronic states around theK point are those responsible for the observed anomaly. [S00
9007(97)04132-X]

PACS numbers: 71.28.+d, 61.50.Ks, 71.15.Nc, 71.20.Eh
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During five decades Zn has been studied because o
interesting properties but only recently a delicate cryst
lographic anomaly was discovered [1,2]. The electron
structure of Zn has been investigated by means of vario
models,ab initio calculations, as well as by a number o
experimental techniques. The Fermi surface of Zn is w
known, but only a few accurateab initio calculations of
the Fermi surface have been performed. As will be sho
below the Fermi surface behavior of Zn is intimately co
pled to the observed anomaly in the pressure depende
of the axialcya ratio. In the present work we reproduc
theoretically the room temperature measurements [1
of Zn.

We base our analysis on highly accurate state-of-the
total energy calculations, which in the past have prov
to be very reliable in reproducing structural properties [3
The theoretical calculations are based on a full-poten
linear muffin-tin-orbital (FP-LMTO) method. The main
approximation used in this approach is the local dens
approximation (LDA) for which we have applied the im
plementation by Hedin and Lundqvist for approximatin
the exchange and correlation functional [4]. Thus o
calculations are based on density functional theory [5,
A Gaussian broadening technique is used to increase
convergence speed ink space. We have chosen Gaus
ians with a width between 5 and 20 mRy without obser
ing any changes in our results. The effective one-electr
wave functions are treated fully relativistically for the cor
electrons and scalar relativistically for the valence ele
trons. The 4s, 4p, and 3d orbitals form the valence band
states and the rest of the electrons are treated as pa
the ion core. From tests at a few volumes we have fou
that an inclusion of the spin-orbit coupling for the valenc
states does not change the behavior of the optimizedcya
ratios. At this point we also mention that recently oth
theoretical papers [7] have been published for Zn addre
ing other topics than what is discussed here.

Using our theoretical method we have calculated the
tal energy for the crystal under variation of both the volum
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and cya ratio of the hcp structure. For each volume a
energy minimum was determined with respect to thecya
ratio. From these calculations we then obtain the co
pression dependence of thea andc axes of Zn and this is
illustrated in Fig. 1. Note from the figure that at a volum
reduction of about 0.88 the distance between atoms wit
the hexagonal planeincreaseswith pressure. In Fig. 1 we
also show the experimental room temperature data fr
the work of Ref. [1]. Note that the experiments do sho

FIG. 1. Lattice parameters,a and c, as a function of volume
compression. The experimental data are denoted by fil
circles and the theoretical data are represented by plus si
The theoretical data wherek points close to the symmetry poin
K are excluded are given by open squares.
© 1997 The American Physical Society 2301
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an anomaly at a compression which is close to our theor
cal data, but that this anomaly is not as pronounced a
theory and manifests itself by a nondecreasing flat reg
in the compression dependence of thea axis. It is clear
from Fig. 1 that both in theory as well as in experime
the anomaly is larger for the interatomic distance with
the hexagonal plane compared with the behavior in thc
direction. Below we will present an explanation for th
highly unexpected behavior presented in Fig. 1 as wel
give an argument for why experiments at room temperat
merely display a flat region in the compression depende
of the axial length, whereas theory shows an increase
thea axis at 88% of the experimental equilibrium volum
The reason for this discrepancy is due to temperature
fects not accounted for in the theoretical treatment. As
will demonstrate below, the calculated anomaly origina
from a redistribution among the occupied electron sta
and therefore temperature will tend to smear out the abru
ness of this rearrangement. At this stage we stress tha
calculated and observed anomaly in the crystallograp
axes at a relative volume of 88% (90% in the experimen
do not represent a crystallographic phase transition; Zn
mains in the hcp structure in the entire volume interval

In order to analyze the reason behind thecya anomaly,
we have performed model calculations where parts
the Brillouin zone are omitted in the self-consiste
calculation. It is found that whenk points in a small
volume of the Brillouin zone (BZ) around the symmet
point K are excluded, this effect disappears as can
seen in Fig. 1. Neglecting other parts of the BZ does
influence thecya anomaly in any significant way. Thu
we find, for instance, that the electronic states around
L point play no role for thecya anomaly, in contrast to
what was suggested in Ref. [7].

Since we now know that it is the electronic stat
around theK point which drive the anomaly, it is temptin
to relate it to the Lifshitz2 1

2 transition, [8] i.e., due
to an electronic topological transition (ETT). That th
calculated anomaly in Zn is closely related to an electro
topological phase transition, as may be deduced from
Fermi surface (FS), is shown in Fig. 2 for Zn at tw
different volumes, one above and one below the transiti
The FS in Fig. 2(a) is for a volume slightly larger than th
transition volume whereas the data in Fig. 2(b) are fo
volume slightly smaller than the transition volume. Th
most conspicuous change in the Fermi surface is aro
the K point where the needle shaped branch becom
much fatter and cigar shaped. Detailed studies of
band structures confirm this picture. Some states wh
are unoccupied for larger volumes pass through the Fe
energy just before the volumes where the anomaly occ
This lead to a Fermi surface with an altered topology; i.
it is an ETT.

In addition to the experiments of Ref. [1], the uniqu
structural behavior of Zn under pressure should be
tectable by means of ultrasound measurements of the e
2302
ti-
in

on

t
n

as
re
ce
in
.
ef-
e
s
s,

pt-
the
ic
s)
re-

of
t

be
ot

he

s

ic
he

n.
e
a

e
nd
es
e

ch
mi
rs.
.,

e-
las-

FIG. 2. Calculated Fermi surface of Zn at two differen
volumes branching the2 1

2
transition, at V

V0
­ 0.88 (a) and

V

V0
­ 0.87 (b), respectively, whereV0 ­ 15.2 Å3 per atom.

The symbols represent different high symmetry points of t
Brillouin zone [13].

tic constants as a function of compression. The anom
should show up particularly in the combination of ela
tic constants,sC33 2 C13dysC11 1 C12 2 2C13d, which
should be unusually low at the critical volume. Th
combination of elastic constants reflects the ratio of t
compressibility of thea and c axes of the hcp structure
Also, at critical compressions, response to shear is u
ally anisotropic (and soft); thus the anomaly in Zn shou
be evident in the higher order elastic constants near
critical compression. Moreover, phonon measureme
(which have been performed on Zn at ambient conditio
[11]) should signal the long wavelength Kohn anoma
[10] at the critical compression. We also note that,
shown by Lifshitz [8], the transport properties may chan
drastically as the Fermi surface topology changes.
Ref. [12] the electrical conductivity tensor of Zn and C
in a magnetic field was measured to show how the Fe
surface changed with pressure. Similar experiments p
formed at higher pressures could detect the pressure
duced ETT in Zn.

The electronic topological transition described in th
present Letter shows that, in contrast to what is co
monly assumed, the interatomic distances (cya and bya
ratios, internal atomic positions, and so forth) do not ne
essarily change in a continuous way when applying
external pressure, even though the crystal structure
mains the same. This holds both for experimental wo
as is evident from Ref. [1], and for theoretical work, a
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demonstrated here. To be more specific we found it ab
lutely crucial to exercise extreme caution when sampli
the Brillouin zone, where manyk points were needed to
reproduce the experiments. It is likely that other mate
als exhibit similar phenomena provided sufficient care
taken in the theoretical and experimental investigations
them, and we speculate that Zn is not an isolated exam
of an unusual behavior in the compressibility.

The theory outlined here gives a picture which
different from the analysis of Ref. [1], where it wa
speculated that the unique crystallographic properties
compressed Zn are correlated to a specificcya ratio
of

p
3. We show here that this has nothing to d

with the observed structural properties. Our calculat
anomaly occurs at acya ratio which deviates slightly but
undoubtedly from

p
3. Instead we show that an electroni

topological transition is what drives the peculiar structur
properties of compressed Zn.

The discrepancy between the theoretical and expe
mental values of the volume is somewhat larger for Z
than what we find for other elements, and this error is w
known to arise from the LDA. The error in the theoret
cal equilibrium volume may be connected to the fact th
we observe the anomaly at a slightly different volum
compared to experiment. However, although the volum
is underestimated with 9%, the calculatedcya value is
only deviating 1.5% from the experimental value at 0 K
This is important to observe because the occupation of
K point, which is intimately connected to the structur
anomaly, is sensitive to thecya ratio but almost indepen-
dent of the volume. It follows that our theoretical wor
should describe the structural anomaly rather accuratel

We finally note that since thermal broadening of th
electron states will smear out the sharp features of
Fermi surface, elevated temperatures are expected to
duce the effect of the Fermi surface nesting and a
smooth the effect of a sudden change of the Fermi surf
close to theK point. The change in screening prope
ties of Zn will thus be less pronounced at elevated te
peratures. This explains why in the room temperatu
experiments the anomaly in structural properties acco
panying the electronic topological transition is less pr
o-
g
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nounced than in our theoretical work. The room temper
ture also introduces other effects not taken into account
our study, e.g., the anomaly can broaden if different d
mains with slightly differentcya ratios coexist.

A careful experimental study at very low temperature
would therefore be highly desirable in order to comple
ment our results. We point out that the effect discusse
here is also likely to be found in Cd and it may be impor
tant also in other materials.
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