PHYSICAL REVIEW B VOLUME 54, NUMBER 2 1 JULY 1996-II

Inelastic neutron scattering from single crystal Zn under high pressure
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Inelastic neutron-scattering experiments have been performed for single crystals of Zn under pressures up to
8.8 GPa at 300 K. The phonon modgs),,,,,=£&=0.075 andé=0.10 were measured in the transverse acoustic
branch,;, whereq=0 corresponds with the elastic const&,. The phonon energy showed a substantial
hardening with increasing pressure. The experimental data below 6.8 GRa=f075 yield a constant
Grineisen modey; = —Inw; /InV of 2.25 in good agreement with a previous calculafibin Ledbetter, Phys.

Status Solidi B181, 81 (1994]. Above 6.8 GPa, there is a very rapid increase/afvhich is indicative of the
presence of a giant Kohn anomaly. This rapid divergence at high pressure indicates that a phonon softening
may occur at pressures higher than 8.8 GPa caused by the collapse of the giant Kohn anomaly via an electronic
topological transitioETT). In an earlier M@sbauer Zn study at 4 KWV. Potzelet al, Phys. Rev. Lett74,
1139(1994)], a drastic drop of the Lamb-Msbauer factor was observed at 6.6 GPa, which was interpreted as
being due to phonon softening, indicating this ETT had occurred. This paper also compares the compressibility
data for single crystal Zn and Zn powder using neutron scattering. The results were found to be similar to an
earlier x-ray Zn powder experimertO. Schulte et al, High Pressure Res6, 169 (1991)]. [S0163-
182996)03225-

I. INTRODUCTION Kohn anomaly has been observed by Chernysébal. in
Cdl®
For many years the hexagonal close-packecp) struc- High-pressure experiments on Zn and Cd are of particular

ture of nontransition metallic Zn and Cd have been inten-interest because of the anisotropic compressibility of these
sively investigated, since the axiala ratios of 1.856 for Zn  metals® Under high pressure, theaxis is much more com-
and 1.89 for Cd are much greater than the ideal ratiopressed than the axis, and therefore the/a ratio decreases
c/a=\/8/3=1.633. Because of this large/a ratio, many towards the ideal ratio, and the structures of Zn and Cd be-
solid-state properties of Zn and Cd are highly come less anisotropic, and one would expect that changes in
anisotropic:~'% From numerous theoretical and experimentalthe Fermi surface will occur with the decreasio ratio.
studies of Zn, it is clear that the electronic structure of znSeveral high-pressure experiments employing ssbauer
plays a particularly important role in the manifestation of SPectra and the de Haas-van AlpHeiiivA) method for Zn
these properties. The asymmetry of the electronic charge di@"d Cd have been reported during the last dead& An
tribution caused by thg-band mixing is the origin of the electronic topolog|.cal transitiodETT), or ghangg of thg
large c/a ratio for Zn* As a consequence, the Fermi sur- shape of the Fermi surface, are clearly indicated in the high-

faces of Zn and Cd differ from those in a normal hcp struc-preif]sgrereche\r/;? Isot \lljvdé r?wf Ce:gtureT(: 4.2 K), high-pressure
ture, and this difference leads to the presence of the gia% P ’  1gh-p

. Fes= ossbhauer experiment ofi’zn!® it was shown that the
Kohn anomaly. When the Fermi level lies inside the energy . mb-Messbauer factofLMF) drops off sharply at an exter-
gap corresponding with a certain reciprocal-lattice vecto

, - i hal pressure of 6.6 GPa. Since the LMF is more sensitive to
G(hkl), so that 2ke|=|G(hkI)| is satisfied, a giant Kohn |5 frequency phonons, it has been suggested that softening
anomaly appears gt=0, in the long-wavelength region. Un- of the |ow-frequency acoustic and optical phonons at 6.6
like the normal Kohn anomaly, the giant Kohn anomaly cangpa is the reason for the sudden decrease in the LMF, and
change the acoustic sound velocity substantially, and therghat a collapse of the giant Kohn anomaly is responsible for
fore low-acoustic phonon energies are strongly affe€téd.  this phonon softening. From the linearized augmented plane-
the case of Zn or Cd, the Fermi level is located at the symwave calculation$ for Zn, an ETT is anticipated at a vol-
metry pointL corresponding witfG(101) in the local band ume reduction ofAV/V,= —0.115. The phonon softening at
gap and results in a giant Kohn anomaly. Consequently, th6.6 GPa in the Mssbauer experimefitindicates that the
Fermi surface “butterflies” aL are suppressed in the third ETT has occurred. According to Potzial,'® the ETT de-
Brillouin zone, and no electronic states existatThe giant  stroys the formation of the giant Kohn anomaly on the Fermi
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surface and results in a softening of the phonons. crystal monochromator and a fixed takeoff angle of 41.1°.
The Mdssbauer experimefitsuggests that the lattice dy- PG (002) was also used as the analyzer, and a PG filter was
namics of Zn are strongly influenced by an ETT at highused to eliminate higher-order contamination. Two adjust-
pressure. Phonon measurements are the most direct probedile slits between the monochromator downstream collima-
lattice dynamics, therefore it is of great interest to measurgor and the sample were used to confine the incident beam to
the low-frequency acoustic phonons of Zn under high presjyst the sample regionA 1 cm wide slit in front of the
sure to see the effect of a giant Kohn anomaly and determingna|yzer was used to further reduce background scattering.
if an ETT occurs. Until now, exact information about the  Tpe Pb(111) powder-diffraction peak was used to deter-
phonons of Zn under high pressure has not been availablei o the pressure using the known equation of StB@S
because of the difficulties of performing high-pressure N€Utor Ph23 The uncertainty of the pressure determination using

tron melashc-scatt_ermg e_xperlments. We now report a h'.ghihis method was approximately 0.1 GPa. The(Pbl) peak
pressure neutron inelastic phonon measurements for single ... ined fixed h " hiah
crystals of Zn. position remained fixed at the same position at high pressure,

Several measurements of the compressibility of Zpeven after 30 h of data acquisition, indicating excellent pres-

powdef®? and single crystal Zr(Ref. 21 with pressure sure stability. The constai@- method with fixed incident

have been reported. There are some discrepancies betwe@fergy was employed for the phonon measurement. The pho-

these measurements, especially in measurements of tR@N branch measured in these experiments was the
change of thee/a ratio with pressure. It has been suggested@nsverse-acoustic mode, By with wave vectorg algng

that this discrepancy is caused by large deviatoric stressé810 and polarization parallel t001), which is associated
related to the type of pressure cell and pressure medfium.With the elastic constar4, atq=0. This branch was mea-
We also report the high-pressure neutron data for the consured because it has been shown that the giant Kohn
pressibility of both powder and single-crystal Zn. anomaly can modify the elastic constali, considerably®

To measure this branch, the crystal must be oriented with
(120) perpendicular to the scattering plane. In our experi-
ments, only the¢=0.075 andé=0.10 phonons were mea-

The high-pressure cell used for this experiment was &ured, wheref is the reduced wave vectog/gmax, and
Paris-EdinburgiPE) cell?? There are two different size an- Umax=47/+/3a. Phonon peaks a£<0.075 cannot be re-
vils available for this PE cell, with diameters of 6 and 8.5 solved from the elastically scattered peak. The phonons for
mm and sample volumes of approximately 100 and 30G>0.10 were too high in energy to have an appreciable sig-
mn, respectively. The relatively large sample volumes al-nal for the size of this sample. Moreover, as we are interested
lowed us to perform neutron inelastic-scattering experiment§ the behavior ofC,4, we were only interested in the low-
on single crystals under high pressure. In order to obtain & region. The phonon measurements were performed around
sufficiently intense phonon signal from Zn, we have usedhe Bragg peak002), which has a strong elastic intensity.
large size anvil$300 mn? sample volume The gaskets for Both energy gain and energy loss were used in this experi-
the PE cell consist of an outer toroidal gasket and a flat innefent, depending on the signal-to-background ratio. Focusing
washer. In this experiment, we used TIMETAL 21{Sita- effects were taken into consideration to optimize the resolu-
nium Metals Corporation a titanium aircraft alloy, as the tion of the phonon energy during the measurements. The
outer gasket and 51/49 TiZr alloy as the inner washer. Botlgounting time was 10—35 h for one phonon sc¢typically
gaskets allow high neutron penetration with enough mefrom 1.7 to 5.0 meV in steps of 0.1 meV f@=0.075)
chanical strength to prevent breakage under high stress. iepending on the signal intensity. The2() orientation of
this work we have been able to generate hydrostatic preghe crystal allowed us to determine both lattice parameters
sures to at least 8.8 GPa with these gaskets using the largeand ¢ of Zn for each pressure giving both the volume
volume anvils. The effective sample volume is determinedcompressibility and change in tleéa ratio. The precision of
by the thickness of the flat washer, which in our experiment®ur determination of the lattice parameters wag.0005 A .
was about 2.2 mm before pressure loading, and about 0.The results of three separate pressure runs were consistent.
mm at a pressure of 8.0 GPa. A single crystal of ZnThe highest pressure achieved for the measurement of the
(4x4x3 mm?) and a Pb pressure calibration coil were sur-phonon frequency in these experiments was 8.8 GPa.
rounded by a paste of fluorinert and aeroew-density High-pressure Zn powder neutron-diffraction experiments
silica). The Zn crystal was aligned in the desired orientationwere performed on the high intensity powder diffractometer
in the assembly of gaskets and anvils with the neutron bearat the Manuel Lujan Jr. Neutron Scattering Center at Los
prior to pressure loading. Alamos National Laboratory to obtain powder compressibil-

Neutron inelastic experiments were performed on thaty data for comparison to the single-crystal data. The same
triple-axis spectrometer H4S at the High Flux Beam ReactoPE cell and gaskets used in the inelastic-scattering experi-
(HFBR) operating at 30 MW at Brookhaven National Labo- ment were also used for the powder-diffraction experiments.
ratory. Since the sample volume was small, wide collimatioriThe 100 mn? volume anvils were used for the powder ex-
was used. Soller collimators of 4040, 40, and 80 for  periments. Two powder runs with different geometries for
inpile, monochromator to sample, sample to analyzer, andata collection were carried out. In one sefiyorizonta),
analyzer to®He detector, respectively, were used to obtainthe hydraulic force was parallel to the beam, and in the other
sufficient intensity for these experiments. The energy of thdvertica) setup, the hydraulic force was perpendicular to the
incident neutron beam was fixed at 14.7 meV, using théeam. The latter configuration was the same geometry used
(002 planes of a vertically focusing pyrolytic graphiteG) in the phonon experiment. The EOS of NaCl was used to

Il. EXPERIMENTAL
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calibrate the pressufein the Zn powder experiments. The 1.860
diffraction patterns of Zn and NaCl were collected by time-

of-flight spectroscopy at 2=90° for both powder experi-

ments. Typical data collection times vee? h for the hori- 1sa0 L\
zontal setup and much shori@rh) for the vertical setup due

to much lower neutron absorption and improved detector
solid angle. The pressure achieved for the horizontal set up |4, |
was 5.4 GPa, and 7.8 GPa for the vertical configuration.
Both experiments were limited by gasket failures at high
pressure caused by the lubrication of the surfaces between

1.800 | + .

the gaskets and the anvils by the Zn sample.
3 N
1780 [ K |
lll. RESULTS
i . . i Zn singl tal

The mosaic spread of the single-crystal Zn (&7 ambi- - o oo ]
ent pressuneincreased rapidly with increasing pressure at 1760 - . :
low pressure, but was relatively constant at higher pressure I = ]
(>3.0 GPa. The relationship between the mosaic spread and ! 0 ]
pressure indicated that much better hydrostatic conditions 1740 | 2 -
existed at higher pressure, as is typical for the PE high- I F1732
pressure cell. I ]

The axial comprehensibilities measured during these ex- 1720 l——0n 1 1 .
periments give the/a ratio vs pressure curve shown in Fig. 0.0 20 4.0 6.0 8.0 10
1. Both thea and thec lattice parameters measured from the Pressure (GPa)
high-pressure single-crystal Zn experiments were fitted by FIG. 1. Thec/a ratio of Zn versus pressure. The closed-circles
the Murnaghan equation, and fitting curve represent the single-crystal data, the open-squares

represent the powder data in the vertical setup, and the crosses
represent the powder data in the horizontal setup, in this figure and

r B’ —1pr subsequent figures.
—= (— P+1 : (1)
ro EO 3 \Vi —-7/3 \Vi —5/3 3
el " e
where r/ry is either the a or c lattice parameter, o
,851=—(d/dP)(Inr)|p:0 is the linear compressibility, and x[ X) _1” )
B’ is the pressure derivative @. The parameterg, and Vo '

B' are listed in Table I. From Table I, one obtains the ratio
of the linear compressibilityBy(a)/Bo(c)=7.94, showing
the large anisotropy of Zn. Thus, tlelattice parameter is
much more compressible than As a result, the value of the

to give the bulk moduluK,=57+2 GPa, which is quite
close to the value of 56 GPa reported from an x-ray powder
experiment® The pressure derivativ&’ obtained in this

. : _— work is 7.4t 0.7 for the single crystal Zn. There is very little
c/a ratio decreases towards the ideal valy8/3, with the  yitterence petween the single-crystal data and two powder

increasing pressure as shown in Fig. 1. Bhiattice param-  gets \which shows that the pressure calibration using Pb and
eter andc lattice parameter versus the relative volumepngac| are very consistent.

VIV, are shown in Fig. 2, and th&/a ratio versusV/V, is Figure 5 shows some examples of the phonon groups at
plotted in Fig. 3. In our work, the/a ratio (Fig. 3) decreased ambient pressure and high pressure. One can see that the
monotonically with decreasing/V, in contrast with the re- phonon peak becomes broader with the increasing pressure,
sults of Lynch and Drickaméf. For comparison, the two which is caused by the increasing single-crystal mosaic at
powder data sets with different PE cell orientation are alscigh pressure. The phonon energies for the wave vectors
shown in Figs. 2 and 3. The lattice parameters of Zn and=0.075 and:=0.10 versus//V, are plotted in Fig. 6, and
NaCl were obtained by Rietveld refinement using the generadhow substantial hardening with increasing pressure. We did
structure analysis systefd.The pressure was determined not measure the phonon energy at pressures above 7.4 GPa
from the known EOS of NaCG¥ We have noticed slight

differences in thee/a ratio among the three data sets, and a TABLE I. Linear compressibility for the lattice parameters of
slightly negative curvature in one powder data set that wag":

obtained from the horizontal setigee Fig. 3, otherwise, all

the EOS datdsingle crystal and powderare quite similar. Lattice parameters Bo (GP3 p
Figure 4 shows the volume compressibility of Zn mea- a 566(+ 32) 26(+9)
sured in the single-crystal experiments. The experimental c 71(x2) 10.4(+0.6)

data are fitted to the Birch equation,
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2.7 —_— , ——— 5 £=0.1 are nicely fitted by a simple function that yields a
[ constant Groeisen parametey, ; given by

V\ 7.1
) : )

E:A(v—o
whereA=3.359, andy,;=2.44. An empirical fitting equa-
tion for £=0.075 for the phonon enerdy, as a function of
the volume compressibility/V,, is given by

\Y; VARE
|n{E(o.o75)}=A—yo_O75|n(V—o)+B ln(V_o)J . 4

where A=1.0154, yo o7=2.25, andB=2.2x 10" for the
best fit to the data. We did not observe any softening of the
TA X5 phonon branch arising from the onset of an ETT.

IV. DISCUSSION

Based on several theoretical studies of*Z#*~3the for-
, mation of the giant Kohn anomaly in Zn involves the sym-
262 w ' L : ‘ 42 metry pointL where the Fermi level is located inside the
088 09 092 094 096 098 1 local band gap. The theoretical study by Kagan, Pushkarev,
Vo and Hola$® predicts that if the Fermi level is located in the
FIG. 2. The lattice parameteasandc of Zn versus the relative upper band, then the giant Kohn anomaly will increase the
volumeV/V,. The fitting curve is only for the single-crystal data. phonon energy atj~0, andvice versa In the case of Zn,
Notice the increment for the lattice parameter is ten times greater E is located in the upper band gap and moves towards the
than the scale for tha lattice parameter. upper band gap edge with compression under high
pressuré® WhenEg finally moves up to the band gap edge,
for £=0.1, because of the length of time to complete onethe ETT occurs, and electronic states exist atlthgoint in
phonon scan at higher pressure and higher phonon energigie third Brillouin zone, which is the same behavior ob-
The increasing phonon energy withV, for £=0.075 is  served in normal hcp metals with ideala ratios. The giant
quite unusual, while the phonon energies V8V, for  Kohn anomaly therefore collapses, and the phonons lose the
extra hardening that was gained from the initial volume com-
1.86 - T pression.
’ For a clear picture, we have determined the so-called
] “mode y's,” (also called the microscopic Graisen param-
. eten defined by

1.84

d(Inwi(q))

d(Inv) °’ ©

. ] yi(a)=—
] where w; is the phonon frequency for a particular mogle

] and branchi, andV is the volume. They;(q)’s express the
effect of dilation of the lattice on the frequencies of the vari-
ous modes. FOE=0.1, we have obtainedTAzs(O.l) from

the fitting equation, Eg.(3), which gives a constant
yTA23(0.1)= 2.44. The slopes of the curves 6+ 0.075 and

] £=0.1 in Fig. 6 are the mOdESyTA23(O.O75) and

Ref. [27] ')’TAES(O-]-)! respectively. From this figure, one can see that
] the yTA23(0.075) is nearly constant for pressures up to 6.8
GPa. In this low-pressure range, the curve coincides with the
slope y=2.24, which is identical to the bulk Gneisen pa-
rameter for Zn calculated from the thermal-expansion coef-

1.8

c/a

1.78

1.76

1.74 -

! A ficient, the bulk modulus, and the heat capa€itat higher
172 e pressures;/TAg3(O.075) rapidly diverges. At 8.8 GPa with a
1 098 096 094 092 0.9 0.88 volume change of 10°/WTA23(0-075) is about 10.3, which is
VIV, almost 4.6 times higher than the low-pressure value of 2.24.

FIG. 3. Thec/a ratio of Zn versus the relative volumé/V,. Extrapolation  of Eq'(4)_ indicates thatyTA23(0:075) _in-_
Point A (corresponding withv/V,=0.893, c/a=1.732) is from Ccreases even more rapidly above 8.8 GPa. This rapid diver-
Ref. 27, where the/a ratio singularity occurs. gence ofyTA23(0.075) is not sustainable and some softening
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1.00 . ; ; .
0.980 + ]
0.960 |- N
&
g o090 | | FIG. 4. Volume compressibility of Zn. The
> Birch equation fitting, Eq(2), is for the single-
crystal experimental data only.
0.920 | i
0.900 |- 4
0.880 L 1 L )
0.0 2.0 4.0 6.0 8.0 10

Pressure (GPa)

of the phonons will occur at higher pressure, which we an- In the high-pressure Zn Msbauer stud}f a sharp drop
ticipate would bring the phonon energies back to the vicinityof the LMF, which indicates low-energy acoustic-phonon
of the y=2.24 line in Fig. 6. It has been suggested that thesoftening, was observed at 6.6 GPa with a volume change
increase of the LMF with pressure is an indication of theAV/Vy=—0.085. However, in our inelastic neutron-
low-frequency phonon hardening caused by the giant Kohiscattering experiment, phonon softening was not observed,
anomaly'® The sharp increase irszAgs(O.O?S) in our ex- even for pressures up to 8.8 GPa and a volume change
perimental data is thus due to the giant Kohn anomaly. ~ AV/Vo=—0.10. Our high-pressure Zn phonon measure-
ments have suggested that the ETT can not occur with a

1
4
z
=
=
E 7 -~
£ 3
£ E
z g
= @
4 -]
5 . 5
= g
]
=]
=
&
3
1 2 3 4 5 . .
Phonon Energy (meV) 1 0.9

VIV,
FIG. 5. The phonon groups at pressures 0.0, 3.7, 6.8, and 8.0 0

GPa. All the peaks were fitted with a Gaussian function to give the FIG. 6. The measured phonon energies #+0.075 and
peak position corresponding with the phonon energy and a lineag=0.1 are plotted against the compressed vol\Mié,. Logarith-
function to correct for the background. The peak fitting error wasmic scales are used for both phonon eneEjyand compressed
less than 0.06 meV for all the phonon peak®t shown here  volumeV/V,. The fitting curves used were E(B) for £=0.1 and
except at 8.8 GPa, which was 0.074 meV. The phonons at ambiefiiq. (4) for £=0.075 in the text.®, O, and X represent three
pressure and at 3.7 GPa were obtained by the energy loss metha@kparate experimental runs. The error bars were generated from the
and at 6.8 and 8.0 GPa by the energy gain method. Gaussian fit for each measured phonon peak.
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volume change less than 10%. The $dbauer experimelit 8.8 GPa are quite close to that point. When tia ratio
was performed at low temperatuiB=4.2 K, where the lat- approaches/3, several Bragg reflection peaks are degener-
tice parameters are smaller than the room temperature vadte, including(002) and(100). In our experiment, the Bragg
ues. Also, the thermal-expansion coefficient is anisotropicpeaks (002 and (100) are almost degenerate at 8.8 GPa.
making the Zn less anisotropic at low temperatutéow-  From Fig. 1 and Eq(2), the pressure foc/a= 3, is ex-
ever, the volume change in the Skbauer stud was cal- pected to be about 9.4 to 9.5 GPa. We have also marked
culated using the room-temperature compressibility #ata. V/V,=0.893 in Fig. 6 as poinA. If the ETT occurs at point
Thus, the actual volume change at 6.6 GPa &s4.2 K, A, then the phonon energy fér=0.075 could show a 0.7
where the sharp dropoff of the LMF indicated an ETT, ismeV drop to the poinB wherey=2.24, and the magnitude
probably greater than 8.5%, as suggested by KeRichi. of this decrease is almost half the total increasing energy
band-structure calculatidhhas shown that the ETT should change under pressure up to that point. Théssbauer
occur at a volume change of 11.5%. In our experiment, thstudy® has shown a result similar to our conjecture, in which
highest pressure was 8.8 GPa with a Zn volume change dhe LMF decreases by a factor of 2 when the ETT océrs.
10%, which was apparently insufficient to cause the ETT toThe high-pressure Zn powder x-ray experinfénagrees
occur at room temperature. closely with our high-pressure Zn phonon measurements.
On the other hand, several pagér®?’ have suggested We therefore strongly suggest that at 300 K the ETT will
that a Fermi surface change in Zn might cause an abnormaiccur at about 9.4 or 9.5 GPa.
change in the/a ratio. In our Zn single-crystal data, one can  The Zn compressibility data for our single crystal and
see from Fig. 2 that tha lattice parameter tends to be com- powder experiments are quite similar. However, we also ob-
pressed faster aftar/V,=0.92 so that the/a ratio change served that a notable deviation exists between the powder
is less steep, as shown in Fig. 3. Moreover, our phonon dat@xperiments shown in Figs. 1, 2, and 3. Since these two
starts to show deviation from a constant Geisen parameter experiments were carried out with different setup geometries,
y=2.24 (see Fig. & at aboutV/V,=0.92. Thus, this slight or different orientations between the incident beam and the
change in thec/a ratio could be related to the onset of the applied stress, the two experiments detected different devia-
giant Kohn anomaly and the pronounced effects on the phdoric stress and therefore gave slightly different results. We
non spectra. In a very recent high-pressure Zn powder x-ratherefore believe that the deviatroic stress plays a role in
experiment using an angle-dispersive method at roonmodification of thec/a ratio of Zn in high-pressure experi-
temperaturé’ the volume dependence of the/a ratio  ments, because Zn is a noncubic anisotropic material and we
showed an abnormal change in slop&/a¥,=0.893, where agree with Schulte, Nikolaenko, and Holzapfelthat the
the c/a ratio approaches/3 at a pressure of 9.1 GPa. This abnormal changes itYa ratio observed by Lynch and Drick-
change is caused by a singularity in théattice parameter at man are caused by the deviatoric stress due to nonhydrostatic
V/V,=0.893. This result is consistent with a theoretical Préssure.
calculatiori* that predicted the same change at slightly
higher volume V/V,=0.92. It has been suggested that this

anomaly in thec/a ratio is related to the ETT Comparing This work is supported by Manuel Lujan Jr. Neutron Scat-
our lattice parameter data for single crystal Zn shown in Figtering Center, Los Alamos National Laboratory, funded in
2 with the data of Kenicfﬁ? we can see that both data sets art by the Office of Basic Energy Sciences Division of Ma-
have exactly the same features in the range oterial Sciences of the U.S. Department of Enet@pntract
0.900=V/Vy=<1. The volume dependence of tleelattice  No. W-7405-ENG-3§ and High Flux Beam Reactor,
parameter appears to be essentially a straight line, while thgrookhaven National Laboratory, funded in part by the Of-
a lattice parameter shows a pronounced fall off at high presfice of Basic Energy Sciences Division of Material Sciences
sure. In our phonon measurements, the highest pressure wgs the U.S. Department of EnergyContract No. DE-
8.8 GPa, where&//V,=0.900, and thee/a ratio of 1.738 is  AC02-76 CH0001f We would also like to thank Uli
slightly higher than3. The data pointV/V,=0.893, Wildgruber for his support with the instrumentation and the
c/a= 3 from Ref. 27 is marked in Fig. 3, and our data atHFBR technical support team.
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