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Melting of the alkaline-earth metals to 80 GPa
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The melting curves of Mg, Ca, Sr, and Ba were measured in a laser-heated diamond-anvil-cell to 80 GPa.
Systematic changes in the melting slopes were found to be associated with the phase transitions observed at
room temperature and with the increasideelectron character of these metals. Mg, Ca, and Sr show a
flattening of the melting curved(T/d P~0) when they melt from the bcc structure, most likely due to the small
volume change between bcc and melt structures. Sr exhibits a melting minimum at 40 GPa and 2000 K which
is coincident with the presence of complex structures observed at room temperature. Ajd@e GBa, Ba
(Sn shows a continuous rise in the melting temperature apparently related to the completionspf-tlde
electron transfer.
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The alkaline-earth metals, Group lla in the Periodic Tableusing the laser speckle methttA detailed description of
have relatively large compressibilities and phase diagramthe experimental procedure is given in our recent reports for
strongly influenced by a nearly emptiyjband lying in close the rare eartls and transition metal§ and elsewher&’
proximity to the spvalence band.The d-band occupation Mainly, argon was used as a pressure transmitting medium in
increases with increasing atomic number, and with increasa diamond-coated tungsten gasket. In some cases the results
ing pressuré.At zero pressure each of these metals may bebtained in this way are compared with those obtained using
considered as being at different stages of the high-pressumher pressure media such as,®@J, KBr, or NaCl. Small
structural sequence. Under compression the structures, ezamples with a stated purity higher than 99.936hnson
cept for Mg, show an unusual trend in going from highly Matthey Companyand fresh surfaces were loaded in a high
symmetric structures to more open structures. The appeapurity argon(99.999% filled glove box in order to avoid
ance of complex structures in Band S? or of a simple oxidation of the reactive samples. The pressure and pressure
cubic structure in C¥ is believed to be the result afpd  gradients were determined from unheated ruby chips on the
hybrization. In effect, pressure converts the alkaline-earttbasis of the ruby pressure scafeifter melting the samples
metals from an alkali metal-like to an early transition metal-did not show any visible indication of either oxidation or
like character. At much higher pressures, beyond the termiehemical reaction with the different pressure media used in
nation of thesp—d electron transfet,the reappearance of a this study. Figures 1—-4 show the melting curves of Mg, Ca,
close-packed structure was observed in°Ba. Sr, and Ba, respectively, together with previously published

It is well known that complex structures found in the solid results on the phase diagrafid? Our low pressure data
are often associated with unusual features in the meltinggree within 100 K with measurements made using a piston-
curve. The classic examples are the alkali metals, Rb and Csylinder apparatu$°
which exhibit unusual phase transitions inducedsip/d Theoretical calculatiort8 have shown that in the polyva-
electron transfer that are associated with temperaturkent metals, Al and Mg, the almost emptiyelectron band
maxima in the melting curves.Previously, the melting plays a role in determining the stable structure at high pres-
curves of Mg, Ca, and Sr have been studied only below 4ure. In all of the alkaline-earth metals compression induces
GPa in a piston cylinder apparattid® The melting tempera- a downward movement of thed3electron energy levels in-
ture of Mg has been also determined by shock compreSsioncreasing thel-character of the valence band. As a result, Mg
from 40 to 50 GPa and the phase diagram of Ba has beest room temperaturéRT) transforms from the hcp structure
studied to 13 GPa and 1000%¢2 to the bcc structure at 50 GPa, with a small volume change,

In the present work we present new melting data for theAV/V~1%.2° No further transitions are seen in Mg to 70
alkaline-earth metals Mg, Ca, Sr, and Ba to pressures nearigPa>?°
an order of magnitude greater than achieved in earlier works. Figure 1 shows the phase diagram of Mg. At low pres-
Measurements were made using a laser-heated diamonsires, the melting slope of Mg is 6 K/GPa, very close to that
anvil-cell to pressures near 90 GPa where melting temperasf Al.?* Above 40 GPa the melting curve bends toward the
tures approach 3500 K. The samples were heated with pressure axis, becoming nearly flat above 70 GPa. Relatively
Nd:YLF laser (Quantronix, 50 W, TEN, mode, \ small melting slopesdT/dP~0) are known to be charac-
=1.053um) whose defocused beam created a hot spot oteristic of the bcc phases of the alkali, rare earth and transi-
the sample of about 30m in diameter. The temperatures tion metals’*>*®The reason appears to be related to the low
were determined by an accurate fitting of the thermal emmipacking efficiency of the bcc structutf®While close-packed
sion, measured with a CCD detector from an area pfrlin  structures require a coordination number of 12, bcc has a
diameter in the center of this spot, to the Planck function incoordination of 8, closer to the more open coordination of
the spectral range 550—800 riMelting was determined the melt. Thus, since the packing ratio for bee0.68 is
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FIG. 1. Phase diagram of Mg. Solid squares correspond to the FIG. 3. Phase diagram of Sr. Solid squares represent the present
present results. The low pressure degalid line) are taken from  melting results. Solid lines are taken from Ref. 10. The dotted lines

Ref. 9. The dotted lines are suggested phase boundaries. Crossge suggested phase boundaries. Diamonds represent the 300 K
correspond to the shock loading déRef. 11). Diamonds represent phase transitiongRef. 4.
the 300 K phase transition®ef. 20.

dT/dP=AVI/AS, (1)
lower than for fcc or hcg~0.74) it can be expected that the

volume change 4V) of melting for a bcc solid to a liquid \whereAS is the entropy change, thdfT/dP will be lower
will be smaller than for a Close'paCked solid. Hence, it Calfor bce me|t|ng In fact, for Ca and $F|gs 2 and 3 melt-
be inferred from the Clausius—Clapeyron relation: ing from the bcc phase leads to relatively flat melting slopes

(dT/dP~0).
[ — r - - ] Since the bending of our melt line at 50 GPa is consistent
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FIG. 2. Phase diagram of Ca. The present melting data were 0 20 40 60
measured in different pressure media: squ#&pes$, circles (KBr), Pressure (GPa)
down triangles (AJO3), and up triangle$NaCl). Solid lines repre-
sent the piston-cylinder dat@ef. 10. The dotted lines are sug- FIG. 4. Phase diagram of Ba. Solid squares represent the present
gested phase boundaries. Diamonds represent the 300 K phase tramelting results. The solid lines were taken from Ref. 12. Diamonds
sitions (Ref. 4. represent the 300 K phase transitigiRRef. 12.
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Olijnyk and Holzapfel® we have drawn a phase line con- Sr-IV has been observed by high resolution x-ray
necting our result to theirs at about 50 GPa. On the othestudies*®>?®Finally, there is a transition to Sr-V at 46 GPa.
hand, Moriarty and Althoff predicted that the hcp-bcc bound-The structure of Sr-lll has been determined to be tetragonal,
ary line would be highly temperature dependent, having avith the B-tin structure?’ The structure of Sr-IV is complex
negative slope and intersecting the melting curve at 1180 Kand unknowrf. Sr-V (and Ba-I\} is a very unusual structure
and 4.3 GP&? In this case, a flattening of the melting curve composed of a host and two or more guest components made
should take place near 5 GPa which is in contradiction withup of incommensurate chains that lie in the channels of the
the present results. This fact casts some doubts on the cdrost®

rectness of the theoretical predicticisHowever, the melt- The low pressure melting curve of Sr follows the same
ing curve calculated in Ref. 22 is in good agreement with outtrend as in Ca, having an abrupt change of its slope at 25
measurements. The fact that the present data fail to sho®Pa. Above this pressure a steep increase in the melting
sharp changes in the melting slope associated with a tripleemperature is observed reaching a maximum at 32 GPa near
point might be related with the very small volume changethe proposed onset of Sr-IV and dropping to a minimum at
estimated for the hepbcc transition AV/V<0.5%)f3orto 40 GPa. On further compression the melting temperature in-
the possibility of a continuous high temperature martensiticreases almost linearly to 75 GPa, the highest pressure
hcp—bcc transitior?*2° In the latter case this would imply reached in our measurements. We attribute the discontinuity
the existence of an hcp-bcc critical point in the solid at aobserved in the melting slope at 25 GPa to the intersection of
temperature below melting. the melting curve with the boundaries of the bcc and other

Shock melting temperature data for Mgre shown by solid phase. Since this discontinuity occurs around the same
crosses in Fig. 1. These data lie systematically 200 K abovpressure as the RT beeSr Il transitiorf we tentatively in-
of our melting curve, but follow the same trend. In Ref. 11terpolate the RT phase boundary to the triple p¢éate Fig.
temperatures were estimated from the intensity of the ther3) and estimate the pressure and temperature to be about 25
mal radiation measured in a narrow band in the near infrarePa and 1500 K. However, the shape of the melting curve
(around 900 nmon the assumption that the emitted radiationsuggests that there could be either a becc-llI-IV or a llI-1V-V
is that of a black body. This assumption could easily explairsolid phase triple point between 24 and 46 GPa. The topol-
the differences between the shock data and the present datayy of the phase diagram is not clear in this region.

Figure 2 shows the phase diagram of Ca. At ambient con- Since Ba is further along thep—d transition than the
ditions Ca is fcc and transforms to the bcc phase at 19.5 GPaghter alkaline-earth metals it stabilizes in the bcc structure
With increasing pressure Ca goes to a 6-fold coordinate@t ambient conditions and exhibits similar properties as Sr at
simple cubid(so structure at 32 GPa accompanied by a largea lower pressure. At 5.5 GPa and RT Ba transforms from bcc
volume change AV/V~8%).* This high-pressure phase is to a hexagonal-close-packéucp) structure, Ba-1E8 At 12.6
observed up to 80 GPa. GPa Ba-Il transforms into the complex phase B&3¥and

At 1 bar pressure Ca melts in the bcc phase at 1100 Kto another hcp phase, Ba-V, at 45 GPa which is stable to at
The melting temperature increases gradually with increasintpast 105 GPa® Ba IV is nearly identical to Sr-V.
pressure up to 5 GPa. Above 5 GPa the melting stays flat up At 1000 K Ba melts from the bcc phase. Earlier measure-
to about 32 GPa. This behavior is typical of bcc melting andments have reported a negative melting slope at low pressure
provides additional support to the idea that the-fdicc tran-  and the occurrence in the melting curve of a maximum at 2
sition at 19.5 GPa(whereAV/V~2%) could be connected GPa in the bcc phase and additional anomalies between 6
to the low pressure and high temperature fticc  and 9 GP&° A more recent work clarified that in this pres-
transitiort® (see Fig. 2, presenting a certain analogy to the sure region the melting curve of Ba has a minimum only near
low pressure part of the Sr phase diagr@ee Fig. 3 This 7.7 GPa'? The minimum occurs just prior to the stabilization
conclusion was previously inferred by observing that forof Ba IV. The existence of the minimurhis believed to be
both metals bcc phases have a common equation of “statelue to the presence of incommensurate host—guest striicture
Above 32 GPa a sharp increase occurs in the melting slop@nd of a high-temperature fcc phad&a Il1). Unfortunately,
which is most likely due to the large volume change associour experimental method for measuring temperature using
ated with the transition to the simple cubic phAa&e esti-  emitted radiation from very small areas is limited to tempera-
mate the bcc-sc-liquid triple point at 32 GPa and 1550 Ktures above about 1100 K and for Ba melting, above 20 GPa.
The melting slope again flattens above 45 GPa and remainghis prevent us from making any direct comparison with the
nearly flat up to 81 GPa, the highest pressure attained in thisw-pressure melting experiments and establishing a clearer
set of experiments. Assuming there are no additional higheonnection between the RT structural sequence and the
temperature phases present, the melting above 32 GRunases near melting. However, the melting temperature of Ba
should be from the simple cubic phase. This structaoer-  above 7.7 GPa increases with increasing presgtiand an
dination number 6 and packing ratie0.52 is even more extrapolation to higher pressure is in good agreement with
open than the bcc structure, and is consistent with the secoralir data above 20 GPa.
flattening observed in the melting curve. The steep melting slope of Ba and Sr at high pressure can

The Sr phase diagram is shown in Fig. 3. At RT Sr transbe attributed to the completion of thep—d electron
forms from fcc to bee at 3.5 GPa. This phase is stable to 24ransfef and the onset of core repulsioffsThe same steep
GPa where there is a transition to Sr-1ll with a 2% volumerise in temperature is not observed in Ca indicating gipe
changée® With increasing pressure, at 35 GPa, a transition to—d transition is not complete even at the highest pressure
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attained experimentally. Overall, the melting curve of Baof Mg, Ca, Sr, and Ba. We observed that with increasing
bears a close resemblance to that of Cesiercept that in  atomic number, systematic changes occur in the melting
the case of the latter the corresponding temperatures arwlirves that seems to be associated with the transitions ob-
pressures are lower by roughly a half. served at room temperature and to the increadhegectron

In summary, we reported new data for the melting curvesharacter of these metals.
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