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Structural and electrical properties of beryllium metal to 66 GPa studied using designer
diamond anvils
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The structural and electrical properties of alkaline-earth metal beryllium were studied to 66 GPa using
designer diamond anvils. The ambient pressure hexagonal close-packed phase was found to be stable to the
highest pressure of 66 GPa and the measured static equation of state differs substantially from the one derived
from the existing shock wave data. The electrical resistance data at high pressure shows a gradual decrease in
resistance to pressure up to 25 GPa followed by a slight increase to 53 GPa. The axial ratio (c/a) remains
strongly nonideal withc/a51.562 atV/V050.708, indicating that deviations from nearly free electron behav-
ior are still dominant at high compressions.
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The high-pressure behavior of alkaline-earth metals,
ryllium, magnesium, calcium, strontium, and barium is
considerable interest because of their large compressib
complex phase diagrams, and the proximity of emptyd
bands above the filled electronic states.1,2 In the heavy
alkaline-earth metals like calcium, strontium, and bariu
pressure induced phase transitions are strongly influence
the electronics-d transfer and its impact on the total ener
of various competing phases~for a review see Ref. 3!. In the
light alkaline metals like beryllium and magnesium, applic
tion of high pressure can lead to increased hybridization
tween s and p electrons with consequent changes in el
tronic density of states and total energies of vario
competing phases. Beryllium~Be! metal is of considerable
interest because of its simple atomic configuration a
anomalous physical properties including a high Debye te
perature of 1440 K and extraordinarily small Poisson’s ra
of 0.05. The crystal structure is hexagonal close packed w
two atoms/cell and with only two valence electrons per ato
The crystal structure is nonideal as the axial ratio (c/a) at
room pressure is 1.568 and deviates considerably from
ideal close-packed value of 1.633. All these deviations fr
an ideal behavior are attributed to deviations from sim
nearly free electron behavior with a large spatially ani
tropic p-electron component in the valence band. The te
perature and pressure induced phase transitions have
examined theoretically in Be.4–6 The hexagonal close
packed~hcp! phase is stable up to 1530 K; above this te
perature a body centered cubic~bcc! phase is observed
There is an approximately 4% increase in density at the h
bcc phase transition. The stability of bcc phase at amb
pressure is extremely limited, as melting is known to occu
1560 K. Since, the bcc phase is denser than the hcp ph
application of high pressure is expected to stabilize the
phase. It has been predicted that the hcp phase of Be m
would transform to either a face-centered cubic or a
phase in the pressure range of 100–200 GPa at r
temperature.4–6

There have been several static high-pressure studie
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beryllium metal. Marder7 reported a discontinuity in the elec
trical resistance of Be at a pressure of 9.3 GPa indicative
a possible phase transition. This was followed by a study
the effect of high pressure on the Fermi surface of Be.8 The
subsequent high-pressure electrical resistance measure
to 40 GPa by Reichlin9 did not show any discontinuity, in-
stead, only gradual changes in electrical resistance were
served to the highest pressure. Minget al.10 reported a pos-
sible distortion of hcp lattice in Be based on addition
diffraction peaks in the pressure range of 8.6 to 14.5 G
The present high pressure experimental work on Be is m
vated by two considerations:~a! nonideal behavior of hcp
phase and its stability under high pressures and~b! extending
four probe electrical transport measurements to higher p
sures using newly available designer diamond technolog11

From an experimental point of view, high pressure stud
on Be are extremely challenging because of its low atom
number (Z54) which leads to extremely weak x-ray diffrac
tion signals in a diamond-anvil cell. Electrorefined berylliu
of 99.8% purity was used in all high-pressure experimen
The surface oxidation layer was removed prior to loading
a diamond-anvil cell. Four different high-pressure expe
ments were carried out on beryllium metal. Two hig
pressure experiments were carried out using diamonds w
culet size of 600mm and samples of 130mm diam. These
experiments employed copper as a pressure marker and
dium, using x-ray diffraction for pressure calibration. In th
third experiment, we employed a designer diamond an
with a culet size of 300mm for simultaneous x-ray measure
ments and four probe electrical resistance measureme
The ruby pressure sensor was employed in our experim
with designer diamond anvils. In the fourth experime
the highest pressure of 66 GPa was achieved on a Be sa
with a diamond culet size of 300mm and a sample of 80mm
diam with ruby as a pressure sensor. The nonhydrost
calibration of ruby pressure sensor carried out to 180 G
was used in the current experiments.12 In the last two experi-
ments with a ruby pressure sensor, no pressure medium
employed.
©2002 The American Physical Society07-1
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BRIEF REPORTS PHYSICAL REVIEW B 65 172107
Figure 1 shows the energy dispersive x-ray diffracti
spectra of beryllium in the pressure range of atmosph
pressure~0.1 MPa! to the highest pressure of 66 GPa. The
spectra were recorded at the superconducting wiggler be
line X-17C at the National Synchrotron Light Sourc
~NSLS!, Brookhaven National Laboratory. An x-ray coll
mated beam of 50mm350mm was used in all diffraction
experiments. The ambient pressure phase for Be is hcp
is evident by the observations of~100!, ~002!, ~101!, ~110!,
~200!, ~112!, and ~201! diffraction peaks and the measure
lattice parameters at ambient pressure~0.1 MPa! are a
52.28660.003 Å andc53.5860.01 Å withc/a51.568. At
high pressures, we observe the loss of~002! reflection of the
hcp phase due to basal-plane texture. This texture phen
enon is well documented in other hcp metals, most notabl
iron under high pressures,13 with c axes parallel to the axis o
the diamond-anvil cell. The~100!, ~101!, ~110!, ~112!, and
~201! peaks from the hcp phase are observed and could
fitted to the highest pressure indicating that there is no ph
transformation to the highest pressure. The~200! diffraction
peak is barely discernable in the spectra at high pressures
was not included in structural fits. The comparison betwe
the observed and calculated interplanar spacings at 66 G
shown in Table I indicating a good fit to the hcp lattice wi
a mean error ind spacings of only 0.16%. The measur
lattice parameter at 66 GPa area52.04060.002 Å andc
53.1960.02 Å with c/a51.562. The measured volum
compression at 66 GPa isV/V050.708.

Figure 2 shows the variation of the axial ratio,c/a, as a
function of pressure to 66 GPa. Thec/a ratio is nearly inde-
pendent of pressure with an extremely small negative slo
All the experimentalc/a data on beryllium can be fitted t
the following equation:

FIG. 1. Energy dispersive x-ray diffraction spectrum for ber
lium metal at various pressures in a diamond-anvil cell. The diffr
tion angle 2u514.912°. The diffraction peaks are labeled by t
~hkl! Miller indices for the hexagonal close-packed phase of be
lium. The weak peaks labeledg are from gasket material and pea
labeled f is background fluorescence unaffected by pressure.
pressures indicated were measured by the ruby fluorescence
nique.
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c/a51.5682631025 P, where P is in GPa,

and 0.1 MPa<P<66 GPa.

Figure 3 shows the measured pressure-volume (P-V)
curve or equation of state for Be to 66 GPa at room tempe
ture obtained in diamond-anvil cells. The equation of st
employed in the present work is the adapted polynom
equation of state~AP2-EOS!14,15 and is shown below. TheP
is the pressure in GPa andx35V/V0 is the volume compres
sion. TheV0 , B0 , andB08 are the atomic volume, isotherma
bulk modulus, and the first pressure derivative of the b
modulus at ambient pressure.

P53B0x25~12x!exp@C0~12x!#@11C2x~12x!#

~AP22EOS!.

AP2 represents a second-order equation of state with
two free parametersB0 and B08 . The parameterB0853
12/3(C01C2) and C052 ln(3B0 /pFG0). The C0 value is
constrained byB0 , V0 , and atomic numberZ.14 The shock
data for copper16,17 when fitted to AP2-EOS givesB0

5133 GPa andB0855.4. These parameters were employed
our pressure calculations based on a copper standard.

-

l-

e
ch-

TABLE I. The comparison between the observed and calcula
interpalnar spacings for the hep phase of beryllium at 66 GPa.
calculated interplanar spacings for the hcp phase are based o
tice parametersa52.04060.002 Å andc53.1960.02 Å.

Diffraction peaks
Miller indices

~hkl!

Observed
interplanar
spacings
(dobs Å)

Calculated
interplanar
spacings
(dcalc Å)

%error
(dobs2dcalc Å)100/dobs

~100! 1.767 1.767 0.0
~101! 1.545 1.545 0.0
~110! 1.021 1.020 0.1
~112! 0.864 0.859 0.6
~201! 0.852 0.851 0.1

FIG. 2. The measured value of axial ratio (c/a) as a function of
pressure for beryllium. Thec/a data is shown for all experiments
some of them using a copper pressure marker, and others us
ruby pressure sensor. The solid line is the fit to all data and
described in the text.
7-2



re
ta
y
e
es

r
o

fo
t

a
r

e
e
th
31
P
h

ata
ram-

de-
pat-
er-
a
of

y
tact
ted

ia-
ple
nce
bes
in
ss
ical
lues
Pa.

with
ight
ose
t
sent
d-
ents

of a
me
f-
The
igner
re.

e-

ce
y

a-
of

o.
L
o
la-

he
es

om
r
a

EO
t

oc
et
m

n

BRIEF REPORTS PHYSICAL REVIEW B 65 172107
The static equation of state of Be between ambient p
sure and 66 GPa was fitted to the following equation of s
parameters. The least-square fit is displayed in Fig. 3 b
solid curve indicating that a AP2-EOS is sufficient to d
scribe the static compression of beryllium metal to this pr
sure

B05106.5 GPa, B0853.541, with

C050.8123 ~AP2 fit to static data!.

The measured shock Hugoniot data on Be has been
duced to obtain an equation of state of Be to 90 GPa at ro
temperature.17 This reduced shock equation-of-state data
Be between ambient pressure and 70 GPa was fitted to
following equation-of-state parameters. The least-squ
AP2-EOS fit to the shock data is displayed by a dashed cu
in Fig. 3

B05125.7 GPa, B0852.921, with

C050.6465 ~AP2 fit to shock data!.

It is to be noted that the values of bulk modulus obtain
by the fits to static and shock data are close to the rang
experimental values of 110 GPa to 127 GPa reported in
literature and with the theoretically calculated value of 1
GPa.5 The static and shock equation of state agree to 20 G
but show significant differences above this pressure. T

FIG. 3. The measured equation of state of beryllium at ro
temperature to 66 GPa. The equation of state data is shown fo
experiments, some of them using a copper pressure marker,
others using a ruby pressure sensor. The solid curve is the AP2-
fit to the measured static equation of state and is described in
text. The dashed curve is the AP2-EOS fit to the isothermal sh
equation of state~Ref. 17! and is described in the text. The ins
shows the four-probe resistance measurements on beryllium sa
as a function of pressure. The resistance data shown has been
malized toR0 ~the value at 11.5 GPa!.
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points to a need for reevaluation of the shock Hugoniot d
with more reasonable assumptions on the Gruniesen pa
eter.

The rest of experiments on Be were performed using
signer diamond anvils where tungsten metal probes were
terned using lithographic techniques at the Lawrence Liv
more National Laboratory and encapsulated within
chemical vapor deposited diamond layer at the University
Alabama at Birmingham.11 The electrical probes are onl
exposed near the center of the diamond for making con
with the sample and elsewhere they are completely insula
within a single crystalline diamond layer. This designer d
mond anvil allows us to use a metallic gasket for sam
containment and for a precise four-probe electrical resista
measurement. Furthermore, having eight electrical pro
gives us the flexibility to measure four-probe resistance
various regions of the sample for any nonuniformity acro
the sample. The Fig. 3 inset shows the four-probe electr
resistance data to 53 GPa. The electrical resistance va
have been normalized to the resistance value at 11.5 G
The electrical resistance of Be shows a gradual decrease
increasing pressure to 25 GPa and this is followed by a sl
increase to 53 GPa. Our results are consistent with th
reported by Reichlin.9 It should be added that no abrup
change in electrical resistance was observed in the pre
experiment that is consistent with the x-ray diffraction stu
ies in this report. Previous electrical resistance measurem
indicated a sharp discontinuity at 9.3 GPa~Ref. 7! that has
not been reproduced in later studies.

In conclusion, our x-ray diffraction studies on beryllium
under high pressures to 66 GPa indicate no evidence
transition in the hexagonal close-packed phase to volu
compressionV/V050.708. The static equation of state di
fers from the shock equation of state above 20 GPa.
four-probe electrical resistance measurements using des
diamond anvils show only gradual changes with pressu
The hcp structure remains nonideal withc/a51.562 at 66
GPa indicating that deviation from nearly free electron b
havior is still observed up to high compressions.
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