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Axial ratio of Zn at high pressure and low temperature
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High-pressure powder x-ray-diffraction experiments have been carried out on Zn with a He-pressure me-
dium up to 18 GPa at 40 K. No anomaly in the volume dependence af ¢haxial ratio has been found within
experimental errors. The/a anomaly, which has been predicted to appear associated with the electronic
topological transitions, should be extremely small. Thermal expansion of Zn rapidly decreases under high
pressure, yielding nearly identical axial ratios at room and low temperatures.
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Zinc is an anisotropic hcp metal. Th#a axial ratio is  in the Raman peak widtH. These experimental results indi-
unusually large compared with normal hcp metals. The lineacate that there is no anomaly in the lattice dynamics of Zn
compressibility of thec axis is about eight times larger than under pressure at room temperature. New calculations fol-
that of thea axis. Consequently, the/a axial ratio of Zn  lowed the experiments. Li and Tse confirmed thé
rapidly decreases under high pressure. The large variation @homaly, although the magnitude of their anomaly is much
the axial ratio induces drastic changes in the band structursmaller than other calculation$. Steinle-Neumannet al.
and the Fermi surface without accompanying structurapointed out that thec/a anomaly is very sensitive to the
phase transitions. In this respect, Zn is an interesting sulBrillouin-zone sampling, and should disappear if a sufficient
stance to study the correlation between crystal structure angumber ofk points is used for the calculatidfKechin stud-

electronic properties. _ _ ied details of the ETTs at th¢ andL symmetry points of the
In 1995, Takemura carried out powder x-ray-diffraction gyijiouin zone4
experiments on Zn at room temperatéfeHe found an So far, serious controversy exists about the existence of

anomaly in the volume dependence of @@ ratio at 9.1  yha /4 anomaly in theory and experiments. One of the pos-
GPa: the axial ratio v§//V, curve changes the slope at this gjpe explanations for the disagreement is the effect of tem-

pressure. The anomaly was interpreted either as a SingmariB'erature. The/a anomaly, which may exist at low tempera-

of the hcp structure or an electronic topological tran5|t|or_1ture' would smear out at room temperature due to thermal

(ETT), which refers to a topological change of the I:ermlbroadening of electron stat2This hypothesis explains why

surface. Shortly before the x-ray experiment, an anomal he Missb . s detected th v at low t
was also found in the Vgsbauer spectra of Zn at 6.6 GPa at e Mossbauer experiments detected the anomaly at low tem-

low temperaturé. The abrupt decrease of the Lamb- perature, while other experiments at room temperature did
Méssbauer factor or the softening of the crystal lattice wad'Ot- In order to prove whether trea anomaly actually ex-
attributed to the ETT. These two experiments stimulated subStS at low temperature, we have carried out powder x-ray-
sequent theoretical investigations on Zn under high pressuréiffraction experiments on Zn at low temperature. We used a
A number of calculations reproduced the anomaly indte He-pressure medium, which proved to be the best hydrostatic
ratio and found the cause of the anomaly in the E¥Tdhe  Pressure mediurtt.
interpretation seemed reasonable, since the density of states Powder x-ray-diffraction experiments at low temperature
at the Fermi level suddenly changes at the ETTs and makave been done with a diamond-anvil o@AC). The DAC
cause lattice anomaly as Lifshitz justifigd. was made of Cu-Be alloy and was pressurized by a mem-
However, in later powder x-ray-diffraction experiments brane filled with He gas. The diamond anvil on the exit side
with a He-pressure medium, tha anomaly completely of the x rays was mounted on a® plate, which allowed
disappeared.The c/a anomaly in the previous experiment collection of full Debye-Scherrer rings up to 35° i 2Spe-
was most probably produced by nonhydrostaticity of thecial care was taken not to pressurize the sample directly with
alcohol-water pressure medithinelastic neutron-scattering the diamond anvils at high pressures. A fine powder of Zn
experiments on Zn showed no anomaly in the acoustic pha®99% purity was lightly pressed into a thin plate of 1o6m
non frequency up to 9.4 GPa at room temperatfiRaman-  thickness. A small piece was cut from the plate and put into
scattering experiments showed no discontinuity in the opticah hole in a spring steel gasket. The sample thickness was
phonon frequency up to 58 GPa at room temperature, akmall enough compared with the final thickness of the gasket
though an indication of the ETT was suggested in the changé~30 wm) at the highest pressure. The He-pressure me-
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dium was loaded to the DAC at room temperature with a S L L L
high-pressure gas loading systén.
Experiments have been done at 40 K in a He cryostat i Zn |
equipped with a closed-cycle refrigerator. Sample tempera- 17.6 GPa
ture was monitored with a Au-F@.07%/chromel thermo-
couple attached to one of the diamond anvils. The tempera- 8a
ture fluctuated between 30 and 50 K. It should be noted, UD_J
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however, that the thermal expansion of Zn below 100 K is so
small that the change in the lattice parameters due to the
temperature change of 10 K is negligible!” Helium is
known to develop nonhydrostaticity, if compressed at low
temperaturé® Therefore, pressure was changed at high tem-
perature near the melting point of He at each presStA%A
microheater made of a manganin wire was placed around one
of the diamond anvils and was used to raise the sample tem-
perature quickly. It was also important to control the He gas
pressure in the membrane so as to minimize unwanted pres-
sure change during the cooling process of the DAC. Pressure -
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assuming that the pressure dependence of the ruby fluores- M

was determined with the hydrostatic ruby pressure scale, o °g T _

e o
cence at low temperature is the same as that at room = | M‘—J““\_
temperaturé? A ruby chip placed on the outer surface of a R T
diamond anvil served as a reference at low temperature. 10 15 20 25 30 35
Powder x-ray-diffraction experiments were carried out in the 20 (deg)

angle-dispersive mode on the bending magnet beam line 18C

of the Photon Factory. The x ray was monochromatized to an FIG. 1. Powder x-ray-diffraction patterns of Zn at 40 K with a
energy of 20.0 keV. Diffraction patterns were recorded onHe-pressure medium. The x-ray energy was 20.0 keV. Weak unin-
imaging plate$? and were analyzed with the pattern integra-dexed peaks are of ZnO formed on the surface of the Zn specimen.
tion softwarepip.2* Note that the(002) reflection is clearly observed up to the highest

Two experimental runs gave consistent restiSigure 1 pressure, indicating good hydrostaticity.
shows representative powder x-ray-diffraction patterns of Zn
at high pressures and low temperature. Diffraction peaks re- Figure 3 shows the variation of the axial ratio with pres-
main sharp up to the highest pressure, indicating good hysure at 297 K and 40 K. The present low-temperature data
drostaticity of the present experiments. Another indication ofsmoothly connect with the value at atmospheric pres&€ure.
hydrostaticity is the persistence of tt@02) reflection. If the  The variation of the axial ratio in the low-pressure region is
pressure is not hydrostatic, t@02) reflection is hardly ob- in good agreement with the estimation based on the elastic
served due to the preferred orientation of the specifiEiee  constants at low temperatuteReflecting the rapid decease
lattice parametera andc were determined within=0.12%
from the peak positions of 6—10 reflections.

Figure 2 shows the variation of the lattice parameters with
pressure at 297 KRef. 9 and 40 K. The results of the two
experimental runs at low temperature are consistent as shown
by closed circles and triangles. The present data smoothly
connect with the values at atmospheric pressure and low —
temperaturé® The variation of the lattice parameters at high ~
pressures shows no anomaly. As a consequence, no anomaly
is seen in the pressure-volume curve at low temperature. One
notices that the difference of the lattice parameters at 297 K
and 40 K decreases with pressure and approaches zero above
about 15 GPa. It means that the thermal expansion of Zn
rapidly decreases at high pressures. The thermal expansion
of Zn at atmospheric pressure is fairly large compared with
other hcp metals, reflecting large anharmonititressure
reduces the anharmonicity and makes Zn behave normally. |G, 2. Lattice parameters of Zn at 297(pen circley and at
The present data even suggest negative thermal expansion £ K (closed circles and triangleander high pressure. All the data
the a axis above 16 GPa, but further experiments are necesyere taken with the He-pressure medium. The data at 297 K are
sary to confirm it. It is interesting to note that a change offrom the previous studyRef. 9. The squares show the data at
sign of the thermal expansion was predicted by theory in thatmospheric pressure from the literat@Refs. 26 and 27 Note the
region of ETT’ different scale for the andc axes.
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FIG. 3. Axial ratio of Zn at 297 Klopen circles, Ref. Rand 40

K (closed circles and trianglesinder high pressure. The squares de

show the data at atmospheric pressure from the literdReés. 26

and 27. The dash-dotted curve shows the pressure dependence
the axial ratio at low temperature calculated from Ref. 29. Th

curves are a guide for the eye.

of the thermal expansion at high pressures, the axial ratio
low temperature converges to the ratio at room temperature
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that the calculated equilibrium volum¥s differ by calcula-
tions, because of the well-known insufficiency of the local-
density approximatiofi. Early calculation$™® show large
anomalies over the volume rangéV,=0.88-0.90. The
present experimental data obviously disagree with them. The
recent calculations, on the other hand, show very weak
anomaly'? or no anomaly? over the same volume range. If
the anomaly is so small as, for example, the calculation by Li
and Tse indicate¥ it is beyond the present experimental
uncertainty. In this respect the present result constrains the
upper limit of the lattice anomaly. The anomaly, if it does
exist, should be less than 0.35% or 0.00€&/a. The present
experiments also do not rule out the possibility that the
anomaly may appear at pressures higher than 18 GPa at low
temperature. Further experiments with various high-pressure
techniques would be necessary to identify the ETT in Zn at
low temperature.
In summary, the present study reveals that there is no
tectable anomaly in the volume dependence of the axial
[)qtio of Zn up to 18 GPa at low temperature. The thermal
expansion of Zn rapidly decreases with pressure, leading to
the nearly identical axial ratio at room and low temperatures
above 10 GPa. The present work offers the upper limit for
tpe c/a anomaly in Zn, if the ETT really induces lattice
nomaly.

above about 10 GPa. No anomaly is seen in the variation of The authors would like to thank Dr. H. Kawamura for

the axial ratio.

information on the construction of the microheater, and Dr.

Figure 4 shows the variation of the axial ratio as a func-K. Sato for her help on the beam line 18C. They thank Dr. J.
tion of relative volumeV/V,, whereV,, refers to the volume S. Tse, Dr. R. E. Cohen, and Dr. V. V. Kechin for valuable
at atmospheric pressure and at 4%Ktheoretical calculations discussions and communications. The present work has been
are included in the figure for comparison. It should be notedione under Proposal No. 99G204 of the Photon Factory.
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FIG. 4. (Color) Variation of thec/a axial ratio
of Zn at low temperature as a function of relative
volume V/V,, whereV, denotes the volume at
atmospheric pressure and at 4 K. The red closed
circles and triangles are the present experimental
data obtained at 40 K with a He-pressure me-
dium. The red open square indicates the value at
atmospheric pressure and at 40(Ref. 26. The
curves labeled with reference numbers represent
theoretical calculations for 0 K.
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