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Absence of thec/a anomaly in Zn under high pressure with a helium-pressure medium
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A high-pressure powder x-ray diffraction experiment on Zn has been carried out at room temperature with
He pressure-transmitting medium in order to achieve the best hydrostatic conditions. The anomaly in the
volume-dependence of thec/a axial ratio, which has been observed previously, can no longer be observed.
Hence the anomaly is most probably induced by the nonhydrostaticity associated with the solidification of the
methanol-ethanol-water pressure-transmitting medium used in the previous studies. The present results suggest
reconsideration of the calculatedc/a anomaly based on the electronic topological transition.
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Zinc has an unusually largec/a axial ratio~1.856! for the
hcp structure under ambient conditions. The deviation of
axial ratio from the ideal value~1.633! has been explained b
the reduction in the band-structure energy through lat
distortion.1–4 The axial ratio of Zn decreases under hi
pressure and has been investigated recently with h
precision.5 It reports an interesting phenomenon: the volu
dependence of thec/a axial ratio changes the curvature
9.1 GPa, when thec/a axial ratio passes through a spec
value A3. This, the so-calledc/a anomaly, has also bee
found for Cd under pressure.6 One of the possible explana
tions for the anomaly is the electronic topological transiti
~ETT!, which involves a topological change of the Ferm
surface. The ETT occurs when a new Fermi surface app
or an existing Fermi surface disappears with application
external perturbationlike pressure. Experimental evidence
the ETT of Zn under high pressure was first given by Pot
et al. as an anomaly in the Mo¨ssbauer spectra of Zn at 6.
GPa at low temperature.7,8 The sudden drop of the Lamb
Mössbauer factor at this pressure was related to the E
The c/a axial ratio at the anomaly in the Mo¨ssbauer spectra
is estimated to be close toA3, if one considers the therma
expansion of Zn.5 Hence thec/a anomaly can be related t
the ETT. However later x-ray study on Cd under pressu6

showed that thec/a anomaly also occurs at the same spec
value of A3. Since there is no reason to assume that
ETT’s of Zn and Cd take place at the same axial ratio, Ta
mura proposed a universal change in the bonding prope
of the hcp structure atc/a5A3.6 The hcp structure has spe
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cial symmetry both in real and reciprocal spaces atc/a
5A3.

These experimental results stimulated subsequent to
energy calculations on Zn and Cd at high pressures.9–12 The
calculations employed different approximations for exchan
and correlation interactions and are not consistent to e
other specifically on the shape of the Fermi surface at h
pressures. Nevertheless all of the calculations suggest
the ETT takes place in Zn at high pressures and thec/a axial
ratio anomalously changes at the ETT. The calculatedc/a
anomaly, however, never appears atc/a5A3.

Neutron inelastic-scattering experiments have also b
done on Zn at high pressure at room temperature. Mor
et al. support the ETT model,13 while Klotz et al. have ob-
served no anomaly nor softening in the phonon frequenc
Zn under pressure.14,15 So far the existence of the ETT an
its correlation to thec/a anomaly are still controversial.

In the present paper we show that the previously repo
c/a anomaly in Zn disappears when helium is used a
pressure-transmitting medium. Thec/a anomaly is most
probably induced by the nonhydrostaticity of the methan
ethanol-water~MEW! pressure-transmitting medium~16:3:1
by volume! used in the previous studies. We will discuss t
existence of the ETT in Zn under high pressure on the b
of the present new x-ray data.

High pressure was generated with a diamond-anvil c
~DAC! having diamond anvils of 600-mm culet size. A fine
powder of Zn~99% purity! is the same as that used in th
previous studies,5,6 and has an average particle size of 4mm.
6171 ©1999 The American Physical Society
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The powder was lightly pressed into a thin plate of 15mm
thickness. A small piece (1003100 mm) was cut from the
plate and put in a spring steel gasket~110-mm thickness after
indentation and 200-mm hole diameter! together with ruby
chips for pressure measurement. The sample thickness
small enough compared with the final thickness of the gas
(;30 mm) at high pressures, thereby ensuring good hyd
staticity. Helium was loaded to the DAC at room tempe
ture with a high-pressure gas-loading system operating
gas pressure of 180 MPa.16 The sample pressure was dete
mined on the basis of the ruby pressure scale.17

An angle-dispersive powder x-ray-diffraction experime
has been carried out at room temperature on the ben
magnet beam line 18C of the Photon Factory, Institute
Materials Structure Science, High Energy Accelerator R
search Organization~KEK!. The x-ray was monochroma
tized to 20.00 keV. Diffracted x rays were detected with
imaging plate. Details of the experimental setup and the d
analysis have been described elsewhere.18

Figure 1 shows representative x-ray-diffraction patterns
Zn at high pressures. One notices that the 002 reflectio
clearly observed even at the highest pressure of 20.6 G
This is in contrast to the previous studies,5,6 in which the 002
reflection is hardly observed above 10 GPa. The disapp
ance of the 002 reflection in the previous studies indicate
strong preferred orientation of the specimen under unia
compression. The 002 planes of hcp metals easily slip
are orientated preferentially under uniaxial stress. In
present diffraction geometry incident x rays are parallel
the compression axis~perpendicular to the diamond faces!.
Therefore, if the 002 planes lie parallel to the diamond fa

FIG. 1. Powder x-ray-diffraction patterns of Zn under press
with He-pressure medium. The x-ray energy was 20.00 keV. W
unindexed peaks are of ZnO formed on the surface of Zn pow
Note that the 002 reflection is clearly observed even at 20.6 G
indicating that good hydrostaticity is retained up to the highest p
sure.
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due to the preferred orientation, they do not diffract the
rays. The evolution of the nonhydrostaticity was also evid
in the broadening of x-ray-diffraction peaks as well as
ruby fluorescence peaks. The nonhydrostaticity was indu
by the solidification of the MEW pressure medium above
GPa.19 Helium solidifies at 11.5 GPa at room temperature20

but we observed no evidence of nonhydrostaticity to at le
20.6 GPa: the intensity of the 002 reflection remains nea
constant~see Fig. 1!, and the x-ray and ruby peaks show n
broadening. Solid He is soft enough in this pressure rang21

These facts indicate that good hydrostaticity is retained in
present experiment.22

Figure 2~top! shows the variation with pressure of thed
spacings normalized to the values at atmospheric pres
d0. The figure compares two experimental runs, one with
He medium in the present study and the other with the ME
medium in the previous study.6 All the d spacings smoothly
change in the case of the He medium, while thed spacings
with the MEW medium show a small expansion at around
GPa. The expansion is largest for the 100 reflection,
hence gives rise to the corresponding expansion of thea axis
~Fig. 2, bottom!. Consequently the volume dependence of
c/a axial ratio with the MEW medium shows an anomalo
change as shown in Fig. 3. The anomaly in the axial ratio
located very close to the special valuec/a5A3 and has been
interpreted as a singularity in the hcp structure.5,6 However,
since there is no anomaly with the He-pressure medium,
anomaly in the previous studies is most likely induced by
solidification of the MEW-pressure medium. The prese

e
k
r.
a,
s-

FIG. 2. The change in thed spacings~top! and lattice param-
eters~bottom! of Zn under high pressure. Thed spacings are nor-
malized to the values at atmospheric pressured0. The solid circles
are with the He-pressure medium in the present study, and the
circles are the data with the MEW medium in the previous stu
~Ref. 6!. The 110 reflection shows similar change as the 100 refl
tion and is omitted in the figure for clarity. Only the data on i
creasing pressure are shown on the top panel, while the solid
angles on the bottom panel show the data with the He-pres
medium on decreasing pressure. Open squares on the bottom
indicate the lattice parameters at atmospheric pressure from li
ture ~Ref. 23!. Note the different scale for thea andc axes.



it

s
s,
n
io
ta

s
io
th
xis
fo
on
be
ro
Z
ti

-

to
s

e
ure
to

nol,
all

he

he
hen

rify

car-
as
Pa,

He
nge
om

e-

ns
n
oes
nge
er-

ous
be
the
al

sure

not
at
vi-
e

m-
any
the

no
at

e-
os-

be
Di-
f Zn

is
one

he

he
ss

ter

a
m
ro
a
nl
th

PRB 60 6173BRIEF REPORTS
data with He-pressure medium are perfectly reversible w
respect to pressure without any hysteresis.

It is now well established how a crystal lattice deform
under uniaxial stress.24 When the pressure medium solidifie
the specimen is compressed uniaxially with two diamo
anvils. Lattice planes lying perpendicular to the compress
axis are more compressed compared with the hydros
case, whereas planes parallel to the compression axis
expanded~Fig. 4!. Since the direction of incident x rays i
parallel to the compression axis in the present diffract
geometry, we always measure the diffracted x rays from
lattice planes lying nearly parallel to the compression a
The d spacings measured under uniaxial stress are there
larger than the values measured under hydrostatic conditi
The expansion of thed spacings under uniaxial stress can
estimated from the elastic constants of Zn following the p
cedure given in Ref. 24. Although the elastic constants of
at high pressures are not available in literature, an estima
based on the elastic constants at atmospheric pressure
their pressure derivatives25 well explains the observed devia
tion of thed spacings in the case of the MEW medium.

The MEW medium is reported to remain hydrostatic up
14.5 GPa in literature.19 This was the basis of the previou

FIG. 3. The change in the axial ratio of Zn as a function of t
relative volume. The solid circles~triangles! show the data on in-
creasing~decreasing! pressure with the He-pressure medium in t
present study. The open circles are the data on increasing pre
with the MEW medium in the previous study~Ref. 6!. The open
square indicates the axial ratio at atmospheric pressure from li
ture ~Ref. 23!. The curves are drawn for the guide of eyes.

FIG. 4. Deformation of a crystal compressed uniaxially in
diamond-anvil cell. Lattice planes lying perpendicular to the co
pression axis~left! are more compressed compared with the hyd
static case, whereas those lying parallel to the compression
~right! are relatively expanded. Incident x rays are diffracted o
by the planes lying nearly parallel to the compression axis in
present diffraction geometry.
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interpretation of thec/a anomaly to be different from the
effect of nonhydrostaticity.6 The reason is unclear why th
MEW medium developed nonhydrostaticity at a press
much lower than 14.5 GPa. The MEW medium is easy
evaporate, thereby possibly changing the ratio of metha
ethanol, and water enclosed in the gasket hole. A sm
change in the mixing ratio from 16:3:1 drastically lowers t
hydrostatic limit.19 Further, it is difficult to understand the
result on Cd that the anomaly also occurred atc/a5A3 and
at a pressure of 12.5 GPa, higher than the case of Zn.6 We
suspect that the mixing ratio of MEW might be closer to t
ideal one in this case. The solidification pressure was t
higher than the case of Zn, making thec/a ratio at the so-
lidification nearlyA3. X-ray-diffraction experiments on Cd
with He pressure medium should be done in order to cla
this point. In any case the occurrence of thec/a anomaly at
A3 seems to be accidental.

In order to examine the possibility that thec/a anomaly
appears only under nonhydrostatic conditions, we have
ried out a comparative experiment with isopropyl alcohol
a pressure medium. Isopropyl alcohol solidifies at 4.3 G
above which nonhydrostaticity develops.26 Measured lattice
parameters showed continuous deviation from those with
medium above 4.3 GPa, but there was no definitive cha
in thec/a ratio at this pressure nor at around 9.1 GPa. Fr
this we infer that the previousc/a anomaly is most likely
induced by the rapid hardening of the MEW-pressure m
dium after solidification.

An important argument is why the theoretical calculatio
reproduced thec/a anomaly, which is now proved to be a
artifact. It would be reasonable to assume that Zn underg
ETT’s at high pressures, as the Fermi surface should cha
the topology under compression. If an ETT takes place, th
modynamic quantities are expected to show anomal
change.27 At room temperature, however, the ETT can
smeared out due to thermal fluctuations, and accordingly
anomaly in the axial ratio could be extremely small. Intern
stress inherent to polycrystalline aggregate under pres
can also mask such a small anomaly.22 The absence of the
c/a anomaly in the present experiment, therefore, does
imply the absence of the ETT in Zn. It should be noted th
the most recent theoretical work points out that the pre
ously observedc/a anomaly is too strong compared with th
theoretical anomaly based on a single ETT.12 High-precision
single-crystal x-ray diffraction at high pressure and low te
perature with He would be the best one to see whether
anomaly may appear in Zn. It is also important to detect
ETT experimentally with a direct probe.

In summary the present study reveals that there is
anomaly in the volume dependence of the axial ratio of Zn
room temperature. The previously reportedc/a anomaly is
most likely induced by the solidification of the pressure m
dium. The present results, however, do not preclude the p
sible ETT in Zn under pressure, since the ETT would
smeared out at room temperature and difficult to detect.
rect measurements of the change in the Fermi surface o
under pressure at low temperature are desirable.

The author would like to thank Dr. T. Kikegawa for h
help on the beam line 18C. The present work has been d
under Proposal No. 97G269 of the Photon Factory.
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