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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 axiat/etice(nains
strongly nonideal witlc/a=1.562 atV/V,=0.708, 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, beberyllium metal. Mardéetreported a discontinuity in the elec-
ryllium, magnesium, calcium, strontium, and barium is oftrical resistance of Be at a pressure of 9.3 GPa indicative of
considerable interest because of their large compressibilityy possible phase transition. This was followed by a study of
complex phase diagrams, and the proximity of empty the effect of high pressure on the Fermi surface of Bée
bands above the filled electronic statésin the heavy subsequent high-pressure electrical resistance measurement
alkaline-earth metals like calcium, strontium, and barium,to 40 GPa by Reichlihdid not show any discontinuity, in-
pressure induced phase transitions are strongly influenced Isfead, only gradual changes in electrical resistance were ob-
the electronics-d transfer and its impact on the total energy served to the highest pressure. Miegal1° reported a pos-
of various competing phaséf®r a review see Ref.)3In the  sible distortion of hcp lattice in Be based on additional
light alkaline metals like beryllium and magnesium, applica-diffraction peaks in the pressure range of 8.6 to 14.5 GPa.
tion of high pressure can lead to increased hybridization beThe present high pressure experimental work on Be is moti-
tweens and p electrons with consequent changes in elecvated by two considerationga) nonideal behavior of hcp
tronic density of states and total energies of variougphase and its stability under high pressures @néxtending
competing phases. BerylliurfBe) metal is of considerable four probe electrical transport measurements to higher pres-
interest because of its simple atomic configuration andsures using newly available designer diamond techndbgy.
anomalous physical properties including a high Debye tem- From an experimental point of view, high pressure studies
perature of 1440 K and extraordinarily small Poisson’s ratioon Be are extremely challenging because of its low atomic
of 0.05. The crystal structure is hexagonal close packed witmumber g=4) which leads to extremely weak x-ray diffrac-
two atoms/cell and with only two valence electrons per atomtion signals in a diamond-anvil cell. Electrorefined beryllium
The crystal structure is nonideal as the axial ratiba) at  of 99.8% purity was used in all high-pressure experiments.
room pressure is 1.568 and deviates considerably from amfhe surface oxidation layer was removed prior to loading in
ideal close-packed value of 1.633. All these deviations froma. diamond-anvil cell. Four different high-pressure experi-
an ideal behavior are attributed to deviations from simplements were carried out on beryllium metal. Two high-
nearly free electron behavior with a large spatially aniso-pressure experiments were carried out using diamonds with a
tropic p-electron component in the valence band. The temeulet size of 600um and samples of 13pm diam. These
perature and pressure induced phase transitions have beexperiments employed copper as a pressure marker and me-
examined theoretically in B&® The hexagonal close- dium, using x-ray diffraction for pressure calibration. In the
packed(hcp phase is stable up to 1530 K; above this tem-third experiment, we employed a designer diamond anvil
perature a body centered cubfbcc phase is observed. with a culet size of 30Qum for simultaneous x-ray measure-
There is an approximately 4% increase in density at the hcpments and four probe electrical resistance measurements.
bcc phase transition. The stability of bcc phase at ambienthe ruby pressure sensor was employed in our experiments
pressure is extremely limited, as melting is known to occur awith designer diamond anvils. In the fourth experiment,
1560 K. Since, the bcc phase is denser than the hcp phagbge highest pressure of 66 GPa was achieved on a Be sample
application of high pressure is expected to stabilize the bcwith a diamond culet size of 30@m and a sample of 8am
phase. It has been predicted that the hcp phase of Be metdilam with ruby as a pressure sensor. The nonhydrostatic
would transform to either a face-centered cubic or a bcealibration of ruby pressure sensor carried out to 180 GPa
phase in the pressure range of 100-200 GPa at roomvas used in the current experimeftsn the last two experi-
temperaturé® ments with a ruby pressure sensor, no pressure medium was

There have been several static high-pressure studies amployed.
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TABLE I. The comparison between the observed and calculated
interpalnar spacings for the hep phase of beryllium at 66 GPa. The

17 . .
calculated interplanar spacings for the hcp phase are based on lat-
tice parametera=2.040+0.002 A andc=3.19+0.02 A.
(2]
s 13 Observed Calculated
8 Diffraction peaks interplanar interplanar
i Miller indices  spacings spacings %error
-"E) ® (hkl) (dobs A) (dcalc A) (dobsf dcalc A) 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

Energy (keV)

c/a=1.568-6%x10"° P, where P is in GPa,
FIG. 1. Energy dispersive x-ray diffraction spectrum for beryl-
lium metal at various pressures in a diamond-anvil cell. The diffrac- and 0.1 MP&P<66 GPa.
tion angle ¥=14.912°. The diffraction peaks are labeled by the
(hkl) Miller indices for the hexagonal close-packed phase of beryl- Figure 3 shows the measured pressure-volurReV]
lium. The weak peaks labeleglare from gasket material and peak curve or equation of state for Be to 66 GPa at room tempera-
labeledf is background fluorescence unaffected by pressure. Theure obtained in diamond-anvil cells. The equation of state
pressures indicated were measured by the ruby fluorescence tecqupmyed in the present work is the adapted polynomial
nique. equation of stat¢AP2-EOS***and is shown below. The
is the pressure in GPa amd=\V/V, is the volume compres-
Figure 1 shows the energy dispersive x-ray diffractionsion. TheV,, By, andBj, are the atomic volume, isothermal
spectra of beryllium in the pressure range of atmospheribulk modulus, and the first pressure derivative of the bulk
pressurg0.1 MP3 to the highest pressure of 66 GPa. Thesemodulus at ambient pressure.
spectra were recorded at the superconducting wiggler beam-
line X-17C at the National Synchrotron Light Source P=3Box (1-x)exg Co(1—Xx)][1+ Cox(1—x)]
(NSLS), Brookhaven National Laboratory. An x-ray colli-

mated beam of 5&mx50 um was used in all diffraction (AP2—EOS.
experiments. The ambient pressure phase for Be is hcp as it
is evident by the observations (£00), (002, (103), (110, AP2 represents a second-order equation of state with the

(20-0), (112, and (201 diﬁragtion peaks and the measured o free parameter8, and B). The parameteB;=3
lattice parameters at ambient pressufel MP3 are a +2/3(Co+C,) and Cy=—In(3By/prco). The Cy value is
=2.286+0.003 A andc=3.58+0.01 A withc/a=1.568. At onstrained byBo, Vo, and atomic numbeZ.* The shock

high pressures, we observe the losgai2) reflection of the data for coppéfl” when fitted to AP2-EOS gives,

hcp phase due to basal-plane texture. This texture phenom- 133 GPa an®},=5.4. These parameters were employed in

enon is well documented in other hcp metals, most notably ir(l)ur ressure calculations based on a copper standard
iron under high pressurédwith c axes parallel to the axis of P PP '
the diamond-anvil cell. Thé¢100), (101), (110, (112, and
(201 peaks from the hcp phase are observed and could b
fitted to the highest pressure indicating that there is no phasi eruby
transformation to the highest pressure. TB@0) diffraction 16 Acopper

peak is barely discernable in the spectra at high pressures ar . /une —Aﬁm 4 e “ 40400
was not included in structural fits. The comparison betweens

the observed and calculated interplanar spacings at 66 GPa 1.5

shown in Table | indicating a good fit to the hcp lattice with
a mean error ind spacings of only 0.16%. The measured

lattice parameter at 66 GPa aae=2.040+0.002 A andc 14
=3.19+-0.02 A with c/a=1.562. The measured volume 0 10 20 P3° ‘(‘3°P 50 60 70
compression at 66 GPa i4/V,=0.708. ressure (GPa)

Figure 2 shows the variation of the axial rat@a, as a FIG. 2. The measured value of axial rati@4) as a function of

function of pressure to 66 GPa. Théa ratio is nearly inde-  pressure for beryllium. The/a data is shown for all experiments,
pendent of pressure with an extremely small negative slop&ome of them using a copper pressure marker, and others using a
All the experimentalc/a data on beryllium can be fitted to ruby pressure sensor. The solid line is the fit to all data and is
the following equation: described in the text.
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points to a need for reevaluation of the shock Hugoniot data
with more reasonable assumptions on the Gruniesen param-
eter.

The rest of experiments on Be were performed using de-
signer diamond anvils where tungsten metal probes were pat-

2° B 07 , terned using lithographic techniques at the Lawrence Liver-
= \\\‘ R O more National Laboratory and encapsulated within a
0.8 | BERYLLIUM - EOS LG . chemical vapor deposited diamond layer at the University of
& ruby ‘\-Qz\ Alabama at Birminghant The electrical probes are only

= copper "5‘5\ exposed near the center of the diamond for making contact
- - - shock data v ol with the sample and elsewhere they are completely insulated

0.7 : . ; L within a single crystalline diamond layer. This designer dia-

0 10 20 30 40 50 70 mond anvil allows us to use a metallic gasket for sample
Pressure (GPa) containment and for a precise four-probe electrical resistance

FIG. 3. The measured equation of state of beryllium at room

measurement. Furthermore, having eight electrical probes

temperature to 66 GPa. The equation of state data is shown for a%w?s us th.e flexibility to measure four-pmb? reSI.Stance n
experiments, some of them using a copper pressure marker, adnvgarlous regions of _the s_ample for any nonuniformity acrqss
others using a ruby pressure sensor. The solid curve is the AP2-E e_sample. The Fig. 3 inset shows the_ four-prpbe electrical
fit to the measured static equation of state and is described in tH€Sistance data to 53 GPa. The electrical resistance values
text. The dashed curve is the AP2-EOS fit to the isothermal shockave been normalized to the resistance value at 11.5 GPa.
equation of statéRef. 17 and is described in the text. The inset The electrical resistance of Be shows a gradual decrease with
shows the four-probe resistance measurements on beryllium samplecreasing pressure to 25 GPa and this is followed by a slight
as a function of pressure. The resistance data shown has been nfricrease to 53 GPa. Our results are consistent with those
malized toR, (the value at 11.5 GRa reported by Reichlifi. It should be added that no abrupt
. ) . change in electrical resistance was observed in the present
The static equation of state of Be between ambient Pr€Ssxperiment that is consistent with the x-ray diffraction stud-
sure and 66 GPa was fitted to the following equation of statgg jn this report. Previous electrical resistance measurements

parameters. The least-square fit is displayed in Fig. 3 by &ygicated a sharp discontinuity at 9.3 GFRef. 7 that has
solid curve indicating that a AP2-EOS is sufficient to de- 4t peen reproduced in later studies.

scribe the static compression of beryllium metal to this pres-

In conclusion, our x-ray diffraction studies on beryllium
sure

under high pressures to 66 GPa indicate no evidence of a
transition in the hexagonal close-packed phase to volume
compressiorV/Vy=0.708. The static equation of state dif-
fers from the shock equation of state above 20 GPa. The
four-probe electrical resistance measurements using designer
The measured shock Hugoniot data on Be has been réiamond anvils show only gradual changes with pressure.
duced to obtain an equation of state of Be to 90 GPa at roomhhe hcp structure remains nonideal witha=1.562 at 66
temperaturé’ This reduced shock equation-of-state data forGPa indicating that deviation from nearly free electron be-
Be between ambient pressure and 70 GPa was fitted to tHEvior is still observed up to high compressions.
following equation-of-state parameters. The least-square
AP2-EQOS fit to the shock data is displayed by a dashed curve
in Fig. 3

By,=106.5 GPa, B(=3.541, with

Cy=0.8123 (AP2 fit to static data
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By=125.7 GPa, B(=2.921, with

Cy=0.6465 (AP2 fit to shock data
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