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Structural study of Zn and Cd to ultrahigh pressures
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High-pressure powder x-ray diffraction experiments on Zn and Cd have been carried out at room tempera-
ture to above 100 GPa with high precision. Both metals remain in the hcp structure up to the highest pressures
investigated 126 GPa for Zn and 174 GPa for Cd'hec/a axial ratios continuously decrease with pressure
down to a value of 1.59. We have observed a clear change in the slope of the volume dependence of the axial
ratio atc/a= 3 for both metals. The anomaly may be related to the electronic topological transition observed
in the Massbauer study on Zn under pressure at low temperature, but the special V&)uef the axial ratio
is difficult to explain simply by the electronic topological transition. The hcp structure with the axial ratio of
V3 has unigue symmetry both in real and reciprocal spaces. This suggests a universal change in the bonding
properties of the hcp structure ata= 3. The bulk modulus and its pressure derivative of Zn and Cd have
been determined over a large pressure raf§@163-18207)03633-3

[. INTRODUCTION atomic-sphere approximation, and found that the volume de-
pendence of the axial ratio changes slope around the relative
Zinc and cadmium have unusually largéa axial ratios  volume of 0.922 They argued that the anomaly may possi-
for the hcp structure under ambient conditioméa(=1.856  bly be related to the maximum of the electronic density of
for Zn and 1.886 for Cd The model of hard-sphere packing states at the Fermi level.
defines thec/a axial ratio for the ideal hexagonal close- In 1995, Potzelet al. have detected an anomaly in the
packed structure to be/8/3 (=1.6330). Most of the hcp  Mossbauer spectra of Zn at 6.6 GPa and 4.2 R34 The
metals have axial ratios close to this value. The deviation ofnomaly is accompanied with a drastic change of the lattice
the axial ratios of Zn and Cd from the ideal value can begynamics. Based on the scalar-relativistic linear augmented
explained by the reduction in the band structure energyane wave calculation, they proposed that the anomaly is
through lattice distortion=* Pressure affects the axial ratios, related to the topological change of the Fermi surface, the
from which one can get insight into the change in the bandyiecironic topological transitioETT). According to their
alculation the ETT occurs when the unoccupied band at the
symmetry point drops below the Fermi level under pres-
§ure- Soon after the Msbauer measurements, Takemura

Cd was first studied by Lynch and Drickarhand by Perez- carried out a high-p.ressure x-ray diffraction study on Zn and
Albuerneet al® They reported unusual changes in the reportgd a (?hange in the slope of the volume dependence of
axial ratios with pressure. The axial ratios decrease witt{€ axial rat'ofgt/ a=\/§_ at room temperature”(=9.1 GPa,
pressure, reach a minimum, and increase. After passiny/Vo=0.893).” The axial ratio of Zn decreases more rap-
through a broad maximum~ 7 GPa for Zn and~ 10 GPa idly with pressure after it takes the value ¢8. He discussed

for Cd) the axial ratios decrease again. Lynch and Drickamethe origin of the anomaly by comparing it with the results of
also measured the electrical resistance of these metals affte Mdssbauer measurementsThe axial ratio of Zn at the
found anomalies in the same pressure rafigéhey ex- anomaly in the Mesbauer spectra~ 6.6 GPa and 4.2 K
plained the observations with the pressure-induced change Was estimated to be/a=1.73+0.01, which agrees with
the topology of the Fermi surface based on the theories pras/a= 3 within the estimation errdf The two anomalies
posed by Jonésand by GoodenoughMcWhan also mea- are therefore possibly correlated, and could be induced by
sured the lattice parameters of Zn and Cd under preSsurehe change in the topology of the Fermi surface, as Potzel
He did not find any anomaly in either metal up to 10 GPa.et al. pointed out. It is, however, difficult to assume that the
and set an upper limit for the anomaly in the lattice param-ETT occurs exactly when the axial ratio takes a special value
eters at 0.3%. In 1991, Schulte, Nikolaenko, and Holzapfebf 3. We briefly discuss the reason as follows.

carried out an energy-dispersive x-ray diffraction study on The ETT occurs when a new Fermi surface appears or an
Zn and Cd up to about 40 GPAThey reported that the axial existing Fermi surface disappeafstor a simple metal like
ratios of these metals decrease monotonically with pressui@n, the topology of the Fermi surface is basically determined
and show no anomalies contrary to the results by Lynch antly the size of the Fermi sphere and that of the Brillouin zone
Drickamer. The same conclusion was drawn in a subsequebbundaries. They are simply calculated based on the nearly-
work on Zn and Cd up to 75 GPa by the same grbuprom  free-electron approximatiod. A divalent hcp metal has the

a theoretical side, Meenaks#ti al. have calculated the equi- Fermi sphere expanding into the fourth Brillouin zone. The
librium axial ratio of Zn under high pressure with the use ofsize of the Fermi sphere and that of the Brillouin zone
the linear-muffin-tin orbital (LMTO) method within the boundaries are calculated as a function ofdhe axial ratio.

Structural change of the two metals under pressure is itself qf
fundamental crystallographic interest.
The effect of pressure on the crystal structures of Zn an
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It follows that the Fermi surface changes topology only when
the axial ratio takes a value of %3/8w (=1.8607)* I
Namely, the nearly-free-electron model does not support the Zn
ETT occurring atc/a= 3 (=1.7321). The actual Fermi
surface is of course different from the free-electron pictdre,
making it more difficult to correlate the ETT with the
anomaly atc/a= /3.

In the present paper we report on the full details of the
high-pressure x-ray diffraction experiments on Zn and Cd.
We show that the anomaly previously found for Zn also
exists for Cd at the same axial ratio @f3. This finding
strongly suggests that the anomaly in the volume dependence
of the axial ratio at/a= /3 is a universal feature for the hcp
structure and is not necessarily connected with the ETT. We
discuss the interesting symmetry of the hcp structure at
c/a= /3 both in real and reciprocal spaces. This further sug-
gests that the hcp structures having axial ratios larger and
smaller thany3 can be classified into two different groups. 27.6 GPa
The present paper provides comprehensive structural data for
Zn and Cd to ultrahigh pressures, which serve as a basis for
theoretical studies. Part of the present work has been re-
ported elsewher®
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Il. EXPERIMENTS
. ) . ) ) FIG. 1. Powder x-ray diffraction patterns of Zn over a large
Angle-dispersive powder x-ray diffraction experiments y.esqyre range. The x-ray energy was 18.00 keV. Weak unindexed
have been carried out under high pressure using a diamongaks are of ZnO formed on the surface of Zn powder. The 002

anvil cell (DAC), synchrotron radiation, and an imaging reflection is not observed due to the preferred orientation.
plate. We used the synchrotron radiation on the beam lines

6B (bending magnet 14C (vertical wiggley, and 18C
(bending magnetof the Photon Factory, National Labora-
tory for High Energy Physic$KEK). The x ray was mono-
chromatized to 18.00 keV for the experiments on the bea
lines 6B and 18C, and 32.57 keV for those on the beam lin
14C. Details of the experimental setup and the data analysis
have been described elsewh&td fine powder of Zn(99%
purity) with an average particle size of 4m was obtained
from Rare Metallic Co., Ltd. A powder of C¢99.9998% Figures 1 and 2 show representative x-ray diffraction pat-
purity) with an average particle size of 46m was obtained terns of Zn and Cd over wide pressure ranges. Zn and Cd are
from Koch Chemicals, Ltd. The Cd specimen was etched irstable in the hcp structure up to the highest pressures of 126
dilute HNO5 solution in order to remove surface oxides. + 3 GPa and 174~ 7 GPa, respectively. One notices pro-
For the pressure generation we used several kinds of diggressive broadening of diffraction peaks at high pressures,
mond anvils depending on the pressure range. At low preswhich is caused by the increasing pressure gradient. At low
sures flat diamond anvils with 60@m culet size were used. pressures the peak width is small enough to allow one to
For ultrahigh pressures we used beveled diamond anvils witdetermine the lattice parameters with high precision. Figures
150 um anvil flat, 300um total culet size, and a bevel angle 3 and 4 show x-ray diffraction patterns of Zn and Cd in the
of 7°. The gasket materials were spring st¢d and GING, low pressure region, demonstrating the quality of peak reso-
Hitachi Metals Ltd) in the case of Zn, and rhenium in the lution. The lattice parameteis and c are determined by a
case of Cd, with initial thickness of 200—25%0m. For ultra-  least-squares method. For the pressure range of up to 20
high pressures the gasket was preindented to a thickness GPa, we used 10-17 reflections on average. The observed
33 um, and a hole with 3%.m diameter was made by using and calculatedd spacings are in excellent agreement to
a micro electro-discharge machi®lG-ED71, Panasonjc  within = 0.04%.
The Zn or Cd sample was enclosed in the gasket hole to- Tables | and Il summarize the structural data of Zn and
gether with fine ruby powder as a pressure marker, and &€d under high pressure. Figures 5 and 6 show the pressure
methanol-ethanol-water mixtur€l6:3:1 by volumg as a dependence of the lattice parameters of Zn and Cd. cThe
pressure transmitting mediufh. The pressure was deter- axis is very compressible at low pressures, while at higher
mined on the basis of the ruby pressure sé3lt pressures  pressures the axis compressibility becomes comparable to
above 100 GPa, the ruby luminescence was so weak that thieat of thea axis. Consequently the/a axial ratios rapidly
pressure was estimated from tbespacings of the gasket. decrease in the initial stage of compression and saturate at
The uncertainty in pressure was 5-10 GPa in this case. higher pressure§Fig. 7). It should be noted that the axial

In total five experimental runs were done for Zn, and
three for Cd, in order to check reproducibility. All the dif-
rTtlraction experiments were done at room temperature. Typical
Sxposure times were 1.5 h.

Ill. RESULTS
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FIG. 2. Powder x-ray diffraction patterns of Cd over a large  FIG. 3. Powder x-ray diffraction patterns of Zn at low pressures.
pressure range. The x-ray energy was 18.00 keV. Diffraction peak$he x-ray energy was 32.57 keV. Weak unindexed peaks are of
from the gasket materigRe) are labeleds. Other unindexed peaks ZnO formed on the surface of Zn powder. Notice that a number of
are of CdO formed on the surface of Cd powder. The 002 reflectiomliffraction peaks overlap in the pattern at 9.1 GPa.
is not observed due to the preferred orientation.

ratios pass through the ideal value of 1.633 and keep de-
creasing with increasing pressure. This clearly demonstrates T LI R ]

101

the failure of the naive expectation that the axial ratio always Cd 20.2 GPa
approaches the ideal value at high pressures. The axial ratios 8

of both metals approach a value of 1.59 at the highest pres- o B
sures. For the study of delicate changes in the axial ratios, it 8 8 “ﬁ 2 §\:§

is better to plot the axial ratios as a function of the relative

101

volumeV/V,, whereV, denotes the volume of each metal at ) 8 12.2 GPa
atmospheric pressuf&ig. 8). This kind of plot is free from < g

the uncertainty in pressure determination. Now one notices .

clear changes in the slope of the volume dependence of the g

axial ratios at a common value qf3. The anomaly exactly = -

corresponds to the point at which many diffraction peaks = "

simultaneously overlagsee the pattern at 9.1 GPa in Fig. 3 g f

and that at 12.2 GPa in Fig).4The experimental locations of € s

the anomalies ar&//V,=0.886+0.002, P=9.4+0.3 GPa, - ,__,JL

and c¢/a=1.733+0.002 for Zn, andV/V,=0.850+0.002,
P=12.5+0.3 GPa, anat/a=1.732+0.002 for Cd.

It is interesting to see whether tlaeor ¢ axis is respon-
sible for the anomaly in the/a ratio. Figures 9 and 10 show
the pressure dependence of thandc axis of Zn and Cd in
the low pressure region. Notice that the scale forateis is
expanded ten times that of tleeaxis. In these figures the
data taken under slightly nonhydrostatic conditions are also 26 (deg)
shown for a comparisof?. It is evident that thex axis shows
anomalous behavior in both cases of Zn and Cd. Particularly F|G. 4. Powder x-ray diffraction patterns of Cd at low pressures.
in the case of Zn, tha axis slightly expandswith pressure  The x-ray energy was 18.00 keV. Weak unindexed peaks are of
on the high-pressure side of the anomaly. The anomaly i€dO formed on the surface of Cd powder. Notice that a number of
less clear in the nonhydrostatic runs. diffraction peaks overlap in the pattern at 12.2 GPa.

101
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TABLE I. Structural data of Zn under high pressure. The lattice  TABLE Il. Structural data of Cd under high pressure. The lattice
parameters and the axial ratio at normal pressure are taken froparameters and the axial ratio at normal pressure are taken from

Ref. 24 and area=2.6644(3) A, c=4.9454(3) A, and Ref. 24 and area=2.9788(4) A, c=5.6164(6) A, and
c/a=1.856%2). Theerrors ina, c, c/a, andV/V, given in paren-  c/a=1.885%3). Theerrors ina, ¢, c/a, andV/V, given in paren-

theses are from least-squares fits. theses are from least-squares fits.

P (GP3 aA) c (R cla VIV, P (GP3 aA) c (A cla VIV,
0.2(1) 2.66411) 4.931a3) 1.85091) 0.99691) 0.8(1) 2.97171) 5.539910) 1.86423) 0.98172)
2.0 2.65481) 4.80863) 1.81131) 0.96531) 1.1(2) 2.97032) 5.521719 1.859@6) 0.97763)
3.51) 2.64592) 4.75495) 1.79712) 0.94812) 1.6(1) 2.96683) 5.482426) 1.84799) 0.96835)
5.51) 2.63682)  4.678G6) 1.77433) 0.92662) 2.1(1) 2.96343) 5.450926) 1.83949) 0.960%5)
7.21) 2.62832)  4.61994) 1.75782) 0.909@2) 3.2(1) 2.95445) 5.394928) 1.826110) 0.94496)
8.51) 2.623@1) 4.58011) 1.74621) 0.89761) 6.1(1) 2.93671) 5.2320@5) 1.78182) 0.90541)
9.51) 2.61861) 4.55013) 1.73761) 0.88871) 7.41) 2.92832) 5.181a7) 1.76933) 0.8915%2)

10.41) 2.61963) 4.519G7) 1.72503) 0.88332) 11.72) 2.90374) 5.044717) 1.73736)  0.85354)
11.71) 2.62128) 4.473320) 1.70669)  0.87541) 13.02) 2.89798) 5.006434) 1.727613)  0.843G7)
13.1(1) 2.61848) 4.438118) 1.69508) 0.86676) 14.02) 2.89434) 4.963819) 1.715Q7)  0.83444)
14.21) 2.61444) 4.402510) 1.68395)  0.85714) 15.62) 2.88984) 4.916417) 1.70136)  0.82394)
16.01) 2.60883) 4.36586) 1.67353)  0.84632) 17.21) 2.88455) 4.877716) 1.69146)  0.81444)
17.42) 2.60374) 4.334610) 1.66485)  0.837G3) 18.91) 2.87883) 4.838712) 1.68085)  0.80473)
18.52) 2.50975) 4.317912) 1.66096)  0.83134) 20.21) 2.87425) 4.810718) 1.67377)  0.79754)
19.82) 2.50422) 4.30845) 1.66083)  0.82592) 23.1(1) 2.86242) 4.76474) 1.66462)  0.78331)
27.62) 2.56531)  4.19927) 1.63693) 0.78712) 24.08) 2.85531) 4.75481) 1.66521)  0.77791)
31.43) 2.556%5) 4.181920) 1.63589)  0.77854) 32.05)  2.823710) 4.654525) 1.648411) 0.74477)
36.52) 2.53483) 4.119312) 1.62515  0.75393) 36.95)  2.813114) 4.610834) 1.639115 0.73219)
45.1(1) 2.50823) 4.053314) 1.61606) 0.72633) 42.38) 2.78879) 4.546221) 1.63039)  0.70946)
48.01)  2.496318) 4.052443) 1.623421) 0.719313  50.11) 2.76514)  4.48789) 1.623q4)  0.68852)

51.71) 2.48784) 4.010218) 1.61198)  0.707G4) 59(1) 2.74591)  4.45962) 1.62411)  0.67471)
56.81)  2.470817) 3.986639 1.613519) 0.693712  66.47) 2.72383)  4.39347) 1.61293)  0.65412)
60.23) 2.46634) 3.966220) 1.6089)  0.68734) 70(2) 2.713419) 4.389346) 1.617620) 0.648511)
66.51)  2.442616) 3.925638 1.607119) 0.667111)  82.34)  2.687411) 4.327925 1.610411) 0.62726)
77.73)  2.420219) 3.880944) 1.603%22) 0.647%12)  92(3) 2.675821) 4.303249) 1.608222 0.618212)
88(1) 2.403719) 3.841443 1598122 0.632212)  1535) 2.594414) 4.145132) 1.597715 0.559§7)
97(1) 2.37209) 3.801120) 1.602510) 0.60926) 1747) 2.573116) 4.096G37) 1.591917) 0.54429)

11012 2.370711) 3.787326) 1.597513) 0.60637)
1183) 2.359121) 3.754147) 1.591324) 0.595113
126(3) 2.343@15 3.726133) 1.589917) 0.58299) IV. DISCUSSION

A. Accuracy of the lattice parameters:
Effect of nonhydrostaticity and the number

The pressure-volume relationship of Zn and Cd is of diffraction peaks used in the refinement

shown in Figs. 11 and 12, respectively. As shown in the inset ) ) ) ) )
to Fig. 11, the pressure-volume relationship of Zn seems Prior to the discussions of the delicate anomaly in the

to have a small anomaly around 10-14 GPa correspondin?Xial ratios, we have to be careful about the effect of nonhy-
to the expansion of tha axis. The anomaly is, however rostaticity on the lattice parameters. Any change in the non-

obscured by the large compression of theaxis and is hydrost.atic stress in the sample may producg an anomaly in
not quite clear. The bulk modulu, and its pressure the lattice parameters. In the pregent experiments we have
derivative at atmospheric pressuB§, are determined by used a methanol—ethanql-water m|xtL(f£6_:3:1 by volume )
fitting the P-V data with the Birch-Murnaghan equation as a pressure transm.ltt.lng medium. This pre%sgsure medium
of state. We notice thaB, and B;, values are dependent ensures the hydrostaticity up to about 14.5 GPl some
upon the pressure range to be fitted. Table Il compareeXpe”mental runs, however, the amount of the pressure me-

B dB’ val togeth ith th f . K dium was not large enough, and the sample seemed to be
0 andi, values together wi 0S€ Irom previous wor S'subjected to small but appreciable nonhydrostatic stress even
If we fit the present data over the whole pressure ranges,

i , W& lower pressures than the hydrostatic limit. This is obvious
obtain By=65-2 GPa andB,=4.6-0.5 for Zn, and j, Figs 9 and 10, where the lattice parameters obtained un-
Bo=42+1 GPa andB,=6.5+0.2 for Cd. The reader is re- ger nonhydrostatic conditions are always larger than those
ferred to Ref. 11 for general discussion on the variation ofynder hydrostatic conditions by about 0.2%. When a crystal
By and By, induced by the change in the fitting range of is subjected to nonhydrostatic stress, the interplanar spacings
pressure and by the use of different types of equation obf the planes normal to the stress direction usually contract,
State. and those of the planes parallel to the stress expandthe
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] ) from literature(Ref. 29 and circles are from the present work. The
FIG. 5. The lattice parameters of Zn as a function of pressureq;res are drawn to guide the eyes.

The curves are drawn to guide the eyes.

. . . value of the critical axial ratio itself\(3) remains the same.
present diffraction geometry with the DAC the X rays arégng notices in Figs. 9, 10, and 13 that the anomalies are
incident on the sample from the direction parallel to the load, e pronounced in the hydrostatic case.
axis or the stress direction. The x rays are diffracted by lat- accuracy of the axial ratio is also affected by the
tice planes, which align nearly parallel to the incident x raysymper of diffraction peaks used in the determination of the
(= stress directionand hence slightly expand under nonhy- |atice parameters. Specifically, when several diffraction
drostatic stress. In other words, for the present diffractionheais heavily overlap, their positions are difficult to deter-
geometry, the interplanar spacings and the lattice parametefgine and hence the total number of reflections valid for the
under nonhydrostatic conditions are always observed {0 bgytice parameter refinement decreases. Since a number of
gxpanded cor'npare.d W'th the values under hydrostatic CondHiffraction peaks overlap ata= /3, it is important to check
EOSS' The .ax'al .rat|o t')s’ Eovr\]/ever,dless ?ﬁe“ed bg tze non?emy systematic influence of the change in the number of re-

ydrostaticity, since both the and ¢ axis expand. AS @ getigns, As a test we calculated the lattice parameters of Zn
result, the position of the/a anomaly in the nonhydrostatic by using nonoverlapping peaks01, 102, 110, 103, 201, and
case slightly shifts to the high-volume sid€ig. 13, but the 203. In this case we also obtain the same anomaly in the
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P (GPa) FIG. 8. The change in the axial ratio of Zn and Cd as a function

of the relative volume. Triangles indicate the values at atmospheric
FIG. 6. The lattice parameters of Cd as a function of pressurepressure from literaturéRef. 24 and circles are from the present
The curves are drawn to guide the eyes. work. The curves are drawn to guide the eyes.
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FIG. 9. The lattice parameters of Zn as a function of pressure in  FIG. 11. The pressure-volume relationship of Zn. The solid
the low-pressure region. Triangles indicate the values at atmoeurve shows a fit with the Birch-Murnaghan equation of state with
spheric pressure from literatuf®ef. 24 and circles are from the B, = 65 GPa andB| = 4.6. The inset shows an enlarged plot
present work. The solid circles indicate the data taken under hydraaround thec/a anomaly.

static conditions, and the open circles are from other runs under o
slightly nonhydrostatic conditions. Notice that the scale forahe and Cd belong to the group Ilb elements and are classified

axis is expanded ten times that for theaxis. The arrow indicates INto simplesp metals. The basic feature of their band struc-

the anomaly in the axis. The curves are drawn to guide the eyes.tures can be represented by the nearly-free-electron approxi-
mation. Various calculations, however, indicate that the

¢ outer cored states (8 of Zn and 4 of Cd) lie very close to

axial ratio atc/a= /3. We conclude that the anomaly is no 24,10,29,30

an artificial effect of the peak overlap occurring at orh ab%v% thg bOttﬁm of thelp conduc’;it())n. band . J
c/a= /3. The final values of the lattice parameters are caI-T esed bands make a repulsive contribution to the pseudo-

culated by using more number of reflections as stated in thBOtem""lI and S|gn|f|ca_ntly m_odﬁy the conduction band struc-
previous section. ture. The largec/a axial ratios of Zn and Cd are also ex-

plained by the hybridization of the bands to the conduction
bands’> For this reason the quantitative discussion of the
B. Energy band structure, the Fermi surface, ETT should be done based on accurate band structure calcu-
and the electronic topological transition in Zn and Cd lations including thed states. Nevertheless, it is still worth
In this section we quickly review the electronic propertiesdoing a simple calculation based on the nearly-free-electron
of Zn and Cd, and discuss the correlation of ¢fi@ anomaly ~ @pproximation, in order to get a basic idea about the Fermi
with the ETT expected for these metals under pressure. zfurfaces of these metals.
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FIG. 12. The pressure-volume relationship of Cd. The solid
FIG. 10. The lattice parameters of Cd as a function of pressureurve shows a fit with the Birch-Murnaghan equation of state with
in the low-pressure region. The notation is the same as in Fig. 9. B, = 42 GPa and; = 6.5.
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TABLE Ill. Bulk moduli and their pressure derivatives of Zn specifically near the Brillouin zone boundaries. The most
and Cd. prominent difference from the nearly-free-electron approxi-
mation is the disappearance of the butterflies and cigars at
the L symmetry point both in Zn and Cd:?°3?The exis-

Element B, (GPa B; Pressure rangéGPa Ref.

zn 59.791 4.880 0-45 26 tence of the needles at th& symmetry point is
572 7.4(7) 0-8.8 27 controversiaf®
56(1) 6.6(3) 0-15 present work Since the nearly-free-electron approximation indicates
56(2) 5(1) 0-32 10 that the butterflies at the symmetry point as well as the
63(2) 5.2(7) 0-74 11 needles at th& point increase in size with decreasinfa
65(2) 4.6(5) 0-126 present work  ratio, we may expect that these elements eventually appear as
the actual Fermi surfaces of Zn and Cd, when the axial ratio
Cd 44.76  7.307 0-4.5 26 decreases under pressure. It should be noted that the ETT has
48(1) 5603 0-20 present work  peen experimentally identified for Cd under pressure by the
491 50 0-40 10 measurements of magnetoresistdi@nd the de Haas—van
46(4)  6.0(7) 0-68 11 Alphen effect® in which the needles at th& symmetry
42(1) 6.5(2 0-174 present work

point are believed to be involved. Newest band-structure cal-
culations employing the LMTO method also show that the
The Fermi sphere for a divalent hcp metal expands intd=TT occurs at the, K, andH symmetry points at reduced
the fourth Brillouin zone, vyielding complicated sheets of volumes for Zn and C&~**The calculated relative volumes
Fermi surfaced’ They are called “cap,” “monster,” for these ETT's range from 0.9 to 0.8. The axial ratios of Zn
“lens,” “needles,” “butterflies” (or “stars”), and and Cd under high pressure are obtained based on the total
“cigars.”"*! The dimension of each sheet is dependent orenergy. The calculated volume dependence of the axial ratio
the c/a axial ratio. Within the nearly-free-electron approxi- shows several anomalies, most of which seem to be corre-
mation, Harrison calculated the change in the topology of théated with the ETT’s. This is reasonable, since any ETT
Fermi surface for a divalent hcp metal as a function of themodifies the electronic density of states at the Fermi level
axial ratio®® It was noted that there is a special value for thegnd causes an irregular change in the band structure energy.
axial ratio at which the Fermi sphere crosses the high syman important point is that none of the calculations suggests
metry point K of the third Brillouin zone, namely, the correlation of the ETT with the special value of the axial
c/a=27./3/87 (=1.8607). For the axial ratios larger than (atio c/a= J3.
this value the needles at tlie symmetry point disappear. It We are now left with the conclusion that the ETT may
should be noted that_ this is the only poipt at which the to-5.cur in zn and Cd under high pressure and may produce
pology of the Fermi surface changes in the nearly-frees,me anomalies in the calculated volume dependence of the

electron approximation. ; ; :
. . axial ratio, but the experimentally detected anomaly at
The actual Fermi surfaces of Zn and Cd deviate from P Y y

those predicted by the nearly-free-electron approximationC/ a=\/§ IS never rgproduced. We therefore have to consider
other origins for this anomaly.

One of the alternative possibilities is a change in the
lattice dynamical properties themselves of the hcp structure
at c/a= /3. The anomaly in the Mesbauer spectra was
also detected through the change in the lattice dynamics,
which may not be necessarily connected to the ETT. This
could be plausible, since what we observed in our x-ray ex-
periments is an essential change in the slope of the volume
dependence of the axial ratio, and is not an anomaly re-
stricted to the vicinity oft/a= /3. In other words, the point
c/a=+/3 may simply represent a boundary between two
kinds of hcp structures, which have different response to
y external pressureS.This hypothesis can be tested by study-

] ing, e.g., the phonon dispersion curves of the hcp structure
as a function of the axial ratio, either experimentally or theo-

1.90 —r—r —

1.85

1.80 [

c/a

1.70 o hydrostatic

o nonhydrostatic

1.650-85 Py Y 700 (rjgczal\l/% 40and by looking for any distinct change at
v/ Vo Very recently Morgaret al. have reported the results of

inelastic neutron scattering experiments on Zn under pres-
FIG. 13. The change in the axial ratio of Zn as a function of theSUré at room temperatu?_é.They observed a rapid hardening
relative volume in the low-pressure region. The solid circles indi-Of @ phonon frequency in the transverse acoustic braigch
cate the data taken under hydrostatic conditions, and the opestarting at about 6.8 GPa. Unfortunately their measurements
circles are from other runs under slightly nonhydrostatic conditionsterminate just before the pressure for #i@ anomaly and
The triangle indicates the value at atmospheric pressure from literadffer no evidence for it. Nevertheless, the steep increase of
ture (Ref. 24. The curves are drawn to guide the eyes. the phonon frequency is indicative of the destruction of a
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ao
(a) c* ()
A Ao (b H)
hexagonal ;W j Co
07
Wi
Co
@)
b orthorhombic b,

(o) o FIG. 15. The hcp structure witt/a= /3 in real space. The left

figure shows a projection onto tt{@01) basal plane of the hexago-
nal system. Hexagonal and orthorhombic unit cells are indicated by

V
2!;# different hatching. Lattice vectora,, by, andcy show the ortho-
i‘ o‘ rhombic unit cell. The right figure shows a stereoscopic view of the
......... T '"_‘_‘_j:::=~ orthorhombic cell.
O\ra Ne—=1 . .
iﬂ a, and by axes of the orthorhombic cell, the orthorhombic
O—mm ‘4“ cell becomes tetragonal when the hexagonal axial ratio is

=~ 15~ V3.2 In conclusion, the hcp structure witha= /3 has spe-
a o cial symmetry both in real and reciprocal spaces, with which
_ o ~various distances are degenerate.

FIG. 14. (a) The first Brillouin zone for the hcp structure with If we plot the Brillouin zone dimension of the hcp struc-
symmetry points. The primitive vectors for the reciprocal lattice arey,re as a function of the/a ratio. we notice another special
827\/\1“ l%/az*/(a/m;]I ((:S)IT;he rﬁlott- o Cfthtf’ta* t's _glggr; bY " pointc/a=1.50, where a similar degeneracy occurs to that at
ct/a®= c/a). e real lattice with Interatomic aistances. _ _ .

The interatomic distance; indicates thejth nearest neighbor dis- giaz;r;/:—r.atlze Ori{: al.riglultth efez,ufal;, ﬁgfggléndslsfsgg;aﬁ the
t for th f the ideal h tructure weith=1.633. ’ . ! . . .
ance for the case ot the deal hcp structure planes perpendicular to th& directions, having exactly the

giant Kohn anomaly at slightly higher pressures. Extensior;@M€ Shape as that in the basal plérighis is the case for

of the neutron scattering experiments to higher pressures € high-pressure phase Il of Ba, which exists between 5.5

desirable, since we can directly compare the lattice dynamic'%lnd 12ﬁ (i]Pa N f|°°m. ten]jperatd?ea(ll) has anhhcp ;t:uc—_
with the structural change both at room temperature. ture with the axial ratio of 1.58 at 5.5 GPa. The axial ratio

Another possible origin for the/a anomaly is an hcp-to- dramatically decreases with pressure down to a value of 1.50

hcp isostructural phase transitionab = J3. Since there is at12.6 GPa. At this pom_t BH) transforms to the next high-
no detectable volume change at the pressure forcflae pressure phase IV. We infer that the hcp structure may de-

anomaly, the phase transition could be of higher order. HOWyeIop a kind of instability because of the special symmetry.

ever, in the absence of any other experimental evidence rindeed the value of 1.50 is the smallest axial ratio ever found

garding the phase change, we have to be careful to draw a or the hcp structure, and possibly marks a lower limit for the
conclusion at present. A crucial experiment to this point

s\fability region of the hcp structure. Compared to the points
would be single-crystal x-ray diffraction on Zn under a truly ¢/a=1.50 an_d\/§, no degeneracy occurs in the Brillouin
hydrostatic condition. zone dimension for the ideal hcp structure:bif 1.633. We
recall that the volume dependence of the axial ratios of Zn
and Cd shows no anomaly when the axial ratio passes
through 1.633Fig. 8).

Figure 16 summarizes the axial ratios for the hcp elemen-

As noticed before, the/a anomaly occurs exactly when a tal metals including hcp high-pressure phases. One notices
number of diffraction peaks simultaneously overlap. Thethat most of the hcp metals fall in the range
overlap of diffraction peaks or coincidence of tthapacings 1.57<c/a<1.65. Zn and Cd are exceptions at atmospheric
indicates that the reciprocal lattice has special symmetrypressure, but they also fall in this range of axial ratio at high
Figure 14a) shows the first Brillouin zone for the hcp struc- pressures. According to the preceding discussions, we may
ture. Whenc/a= /3, theI'T(=AA) and'M(=AL) dis- classify the hcp structures into two groups: k5Ja< 3
tances become equal, which results from the coincidence afnd 3<c/a. Zn and Cd transform from the latter group to
the magnitude of002] and[100] reciprocal lattice vectors.  the former ongnormal hcp under pressure.
Figure 14b) shows the hcp structure in real space. For the Apart from high pressure, axial ratios of hcp metals can
axial ratio of \/3 the interatomic distances andrs as well  also be changed by alloying. There is a good correlation
asr, andrg become equal. The hcp structure can also béetween the axial ratio and the electron concentrdfia®u-
represented by an orthorhombic unit céirthohexagonal Zn, Au-Zn, Ag-Zn, and Ag-Cd alloys have hcp structures
cell) containing four atoms in ifFig. 15. Since the inter- with large axial ratios in the Zn- or Cd-rich regidthe 7
atomic distances, andrg correspond to the length of the phase The axial ratios of these alloys are, however, distrib-

C. Hcp structure with c/a=+/3 and general remarks
on the hcp metals
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.00 — . _ : studied. A clear change is observed in the slope of the vol-
I ume dependence of the axial ratiocda= /3 for both met-

] als. It seems difficult to connect the anomaly in the axial

o 01%%6 ] ratio to the electronic topological transition, since there is no

1.856{ ' 1 reason for the ETT to occur at a special value of the axial

1.90

1 ratio. Consideration of the hcp structure witha= 3 re-
4 ] veals interesting symmetry both in real and reciprocal
y70L s J ] spaces. A fundamental change may occur in the lattice dy-

c/a

Xe " Po namics and/or bonding properties of hcp metals/at= /3.
EuYbo T ] If this hypothesis is true, hcp metals having axial ratios be-
e AT S I ...... Q] low and above this value should be classified into two dif-

ferent groups. Obviously further experimental and theoretical
studies are necessary in order to elucidate the true origin for
[ ] the anomaly presently found in the volume dependence of
1.40 L . - ' N the axial ratios of Zn and Cd. These include measurements of
0 20 40 60 80 100 transport properties, elastic constants, and phonon dispersion
Z curves under high pressure. Single-crystal x-ray diffraction
study under a very good hydrostatic condition would also be
FIG. 16. Thec/a axial ratios of hcp elemental metals as a func- helpful. The bulk modulus and its pressure derivative are
tion of atomic number. The open circles indicate the values at atobtained aBy=65+2 GPa andB;=4.6=0.5 for Zn, and
mospheric pressure and the solid circles indicate those at high preg,=42+1 GPa and36= 6.5+0.2 for Cd.
sures. The solid triangles indicate the axial ratios of high-pressure Note added in proofThe Cd-Mg alloy forms the hcp
phases at pressures where they appear. Unless specified, the vaggjig solution over the entire range of concentration at high
tion of thec/a axial ratio with pressure is small. The thick solid temperatures. The change in the axial ratio with concentra-
lines indicate the upper and lower bounds for the axial ratios Oftion has been determined at 310 P&. Hume-Rothery and
known hcp structures. Thg ax'ial ratios of most hcp metals fall in theG‘ V. Raynor, Proc. R. Soc. London, Ser. IV4, 471
range 1.5%c/a<1.65 as |nd|cat§q by the broken lines. ,A hypo- (1940]. The axial ratio continuously changes from the value
thetical boundary at/a= /3 classifies the hcp structures into two for pure Cd(1.900 to that for pure Mg(1.624, and hence
groups. passes through the valu@ at around 76% of the Cd con-

uted in the range 1.76¢/a<1.87, and no hcp alloy at nor- ﬁirr:tratlon. No anomaly has been reported at this concentra-

mal pressure has an axial ratio in the range
1.65<c/a< 1.75% Hcp structures having axial ratios in this ACKNOWLEDGMENTS
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