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Refinement of theP-T phase diagram of barium
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The unusuat/a ratio of the Ba-1l/“llI” hcp phase was investigated as a function of pressure at different
temperatures. The largest deviations from an idgal ratio for hcp was observed at room temperature just
before the phase transition from the hcp to the complex Ba-IV phase. At higher temperatures this anomaly
decreases and theda ratio approaches the ideal value of hcp Ba-V. This result together with the observation
of a positive slope for th@-P phase boundary from Ba-II/“1ll” to Ba-IV support the view that Ba-IV should
be considered only as a low temperature phase which separates the first hcp phase usually labeled Ba-II/“111"
at moderate temperatures from the seemingly different second hcp phase Ba-V at higher pressures and ambient
temperatured.S0163-182807)04101-3

INTRODUCTION a pressure transmitting medium which protected also the
sample against oxidation during the handling on air. Several
Although many earlier theoretical and experimentalruby splinters of about Lm diameter were inserted together
studies™ contributed much to a better understanding ofwith the sample into the gasket hole for pressure determina-
structures and phase boundaries of barium under pressuign by the ruby luminescence techni&ﬁesing the nonlin-
there remained some puzzling points. Barium and radium arggr ruby scalé’ Temperatures were measured with a
the only alkaline earth metals which crystallize in €  chromel-alumel-thermocouple attached to one of the dia-

structure at ambient conditions. At 5.5 GPa and room teMmonds. The accuracy of the temperature determination at the
perature barium shows its first transition to theP2

unusual decrease of titéa ratio under pressurtln contrast external heating block surrounding the whole DAC. The

to former d%ifgerenftlalth thertmalt arllal%/ss tand _tr_eS'Stanlgethermal insulation of this system left only two small open-
measurements: no further structural phase transition cou ings on the front and back sides for optical access and for

be observed with x-ray diffraction up to 12 GPa where o - .

: . transmission of the synchrotron radiation. The x-ray diffrac-
barium transforms into the complex Ba-V structdrébove tion measurements were performed in the energy dispersive
42 GPa another phase withP2 structure, Ba-V, was repeat- .

pnase Wilik structu Was repeat 1 ode(EDXD) at HASYLAB (DESY, Hambury Details of

edly observeti*!® however, with a nearly normai/a ratio . X
of 1.582). Theoretical calculations relate the structural tran-n€ EDX?&%""“O” at HASYLAB have been described

sitions tos— d-electron transfer or in other words to an in- Previously.
crease in thed-band occupation under pressdteLinear ' Estlmates of pressures at elevated temperature were de-
muffin-tin orbital calculations reproduced thel2—hpP2 rived with reasonable accuracy from the measured lattice pa-
transition for barium, however, with a transition pressure off@meters by the use of these ambient temperateivedata

10 GPa? The use of a “generalized pseudopotential” taking into account the rather small thermal corrections
method?® indicates “transition-metal character” for barium evaluated in the appropriate high temperature limit of the
already at zero pressure. However, none of these calculationdie-Grineisen approaéh with the form AP=3ykAT/V,
considered the complex Ba-IV phase and the ugpe2  whereV stands for the atomic volum@T for the tempera-
phase Ba-V. With the lack of any new experimental evidenceure difference with respect to ambient temperatures the

for the II-“llI” phase transition in the region of the initial Boltzmann constant, and the thermodynamic r@@isen pa-
hP2 phase the anomalies in the melting curve between 6 andimetery was estimated with sufficient accuracy for each

9 GPa present another puzzling phenomenon. Therefore, jfhase from the values fd¢, by the fornf* y=(K//2)+&
appeared necessary to check all the phase boundaries I-{{jth ¢ = — 0.5+ 0.4. Since this thermal correction amounts at

I1-“l1,” and “III"-V also at elevated temperatures. the highest temperatures of the present study just to 0.3
+0.1 GPa this uncertainty does not reduce the following
EXPERIMENTAL DETAILS conclusions. Due to the phase mixing also at the phase tran-

sitions to the newcF4 phase at elevated temperature and
High pressures were generated with a diamond anvipressures, the equations of sta€OS for the cl2 and
cel**15 (DAC) with samples embedded in a 2@0n diam- hP2 phases could be used to put also close limits on the
eter hole of an inconel gasket. White mineral oil was used apressures where only this new phase was observed. Typically
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FIG. 2. c/a ratio of hP2 Ba-ll andhP2 Ba-V at different pres-
sures and temperatures. Dot-dash lines represent extrapolations for
400, 500, and 600 °C. Values of tiéa ratio just before the phase
transition to Ba-IV are given by the dotted curve, which represents
therefore the limit of the stability range for theP2 structure. A
possible extrapolation of this curve to the data of Ba-V is given by
the dashed curve.

line positions or intensities are noticed in the pressure range
around 8 GPa where earlier measuremétté had given
some indications for a phase transition to a new phase. This
Energy [keV] new phase is labeled here now Ba-“III” since this transition
is not confirmed by the present study in close agreement with
FIG. 1. EDXD pattern fohP2 Ba-Il at ambient temperature some previous measuremehfsThese authors also could not
and different pressures. Corresponding diffraction peaks are corfind any sign of a phase transition in this pressure range. One
nected by dotted lines. The unusually strong shift of @@2 line  possible explanation for the spurious “observation” for a
and its higher ordef004) is marked by arrows. phase transition from Ba-ll to “llI” can be related to the
observation of a phase transition in Bé&Ref. 28 around 10
diffraction patterns were recorded in a few minutes and varigpa, which was also observed in some experiments of the
ous sequences of measurements at almost constant tempepgesent series when oxidation occurred during the handling
ture but increasindor decreasingpressure were performed of the sample.
to determine the phase transitions and the variation in the Therefore it can be noted that all spectra for barium in the
c/a ratio for thehP2 phases also at higher temperatures. temperature range up to 300 °C and pressures between 7 and
A de'galled qllscussmn of the EOS data from the presenis Gpa are perfectly represented by just b phase with
study will be given elsewher€ However, for completeness only continuous changes irfa as illustrated in Fig. 2 where
the parameter®/,, K,, andK; for the volume, the bulk the data are plotted with respect to the directly measured
modulus, and its pressure derivative were determined for thg@olume to avoid additional uncertainties from pressure esti-
cl2 (Ba-l) and the firsthP2 phase(Ba-ll/*1lI” ) from this  mates. Most strikingly, Fig. 2 shows a strong temperature
study* together with previous literature date*>**by least dependence of/a at constant volume fov/V, around 0.5
square fits with a second order Birch equafidhe param-  and the extrapolation of this temperature dependence to
eters areV,=0.06372 nni, K,=8.93 GP&* K(=2.8(5) higher temperatures indicated in Fig. 2 by three additional
usingP, =0 GPa for thecl2 phase, an®/,=0.043(2) nm, isotherms for 400, 500, and 600 °C, respectively, leads to the
K,=14(8) GPa, anK,=3(2) with P,=5.5 GPa for the suspicion that the anomalous decrease/mwith increasing
first hP2 phase. pressurdor decreasing volumenay disappear completely at
elevated temperatures.
Furthermore, Fig. 2 also illustrates that the low pressure
hP2 phase, now labeled Ba-ll for the whole region Il
Typical patterns fohP2 Ba-ll are shown in Fig. 1 for +“lIl,” extends to higher pressuregor smaller volumesat
7.0, 8.2, and 10.4 GPa. To reduce the texture, the patterns alevated temperatures. In this figure the dotted line repre-
8.2 and 10.4 GPa were recorded with a sample spitther. sents the borderline of the stability regiontd?2 below 300
The comparison of these patterns with the one for 7.0 GPAaC according to the present results. The dashed line extrapo-
shows that the smaller intensity of tk®00) line in this last  lates this line just qualitatively to higher temperatufaad
case results just from texture. The large decrease offthe pressuresto point out that for higher pressures a continuous
ratio within thehP2 structure of Ba-ll is illustrated by the increase oft/a along this line towards the more regular val-
unusually strong shifts of th€002) and (004) line in the ues for thehP2 phase(Ba-V) would not contradict any
spectra which leads to a merging of these two lines with thghysical rules. In any case, this region deserves further ex-
(101 and (202 lines, respectively, at pressures above 10.4perimental investigations and the present study can only give
GPa. However, no discontinuous or unusual changes in thieints for some likely behavior in this range. Obviously, the
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FIG. 3. Phase diagram for barium according to literature data

together with present data for the I-Il phase boundary, for the new
cF4 phaseA, as well as for melting# . Small open and solid
circles represent conditions where pai® andhP2 spectra were
observed, respectively. In the same way ranges of phase mixture are
represented by crossed circles. Tags at the left or right side of these
circles mark data points taken after increasing or decreasing the ese
pressure. Large solid circles represent the phase transitions at am-
bient temperature.
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present observation of an extended region of stability for Energy [keV]

hP2 Ball/“llI” towards higher pressures at higher tempera-
tures is in conflict with the conventional phase diagram of _ .
barium shown in Fig. 3, where the negative slope of the F!G- 4. Typical spectra for the phase transitidr82—cF4—
W/“N7-IV  boundary resulted from a tentative liquid for barium. Escape, fluorescence, and _gaske.t pe_akg are con-
interpolatioﬁ7 from ambient temperature to the apparentnected t?y dotted lines. The arrows on the right side indicate the
minimum in the melting curv& This interpolation was based preceedingP-T change for each pattern.
on small discontinuities in the isobaric resistivity measure-
ments, illustrated by the open squares in Fig. 3. It should b&nixture (crossed circlgsalong the Ba-I/Il phase line or pure
noted that this interpolation does not perfectly meet thes®a-Il spectra indicated by solid circles.
resistivity anomalies casting some doubts on the significance Thus, up to 300 °C the present data confirm the previous
of these resistivity data. data for this phase line. However, above 380 °C at 6.8 GPa
Furthermore, one should notice that the temperature scal@e diffraction spectra show definitely a phase transition to a
in the later of the two publications from the same grbtip new cF4 structure. Diffraction spectra for this newF4
was erroneously shifted up by 100 °C and this mistake haphase are given in Fig. 4 with a sequence for increasing
not been noticed in recent publicatiohS. The necessary temperature. Increasing pressure at 410 °C to 9 GPa pro-
correction is taken into account in Fig. 3 with the conse-duces first pur&F4 spectra and then gives indications for
guence that melting data above 10 GPa do not reproduce thibe dip in the melting curve near 7.7 GPa by complete loss of
third dip in the melting curve near 9 GPa. Obviously thisthe diffraction peaks but with constant intensity of the fluo-
third dip near 9 GPa is supported only by one data pointescence lines and an increase of a diffuse “background”
from these publication® and one may have the suspicion typical for amorphous or liquid samples. The atomic volume
that the temperature values of the second s&jiess deviate for the new cF4-Ba-lll phase fits to the neighboring
from the earlier seri€sof the same group. This means that cI2-Ba-l1 andhP2-Ba-Il phases. The total volume decrease
the experimental evidence for the third triple point appears t&\V,_,;, of 7.7% splits up into AV, ;;~=3.3% and
be very weak. Additional data on the I-1l phase boundary are\V,, _,,~4.4%. Considering the fact that also BaO at 7 GPa
shown in Fig. 3. These data were obtained by heating aind ambient temperature crystallizes in a cubic structure it
almost constant pressure along the /Il phase line. Due twas carefully checked that neither at the beginning nor at the
small decrease of the pressure on heating at constant loaghd of the measurement any oxide was present in this experi-
the first data point at 103 °Qrossed circlerepresents the ment and also the lattice parameters would not fit to the
first appearance of Ba-I lines in the earlier Ba-Il sample. Orliterature data for BaO at 7 GB&Therefore a formation of
marginal pressure increase, the sample was completely transxide under this condition can be ruled out. The comparison
formed into Ba-1l and maintained in this structure upon heat-of the earlier data with the present results is summarized in
ing up to 150 °C as illustrated by the next data pdiudl Fig. 5 which represents the revised phase diagram for
circle). Further heating resulted in back transformation tobarium. Without the third dip in the melting curve of barium
Ba-l (open circle at 190 °Cand further marginal pressure near 9 GPa only the dip near 7.7 GPa fits to the present
increase completed with almost no hysteresis the transformaesults, where it is related on one side to the small stability
tion to Ba-Il (solid circle at 208 °¢. In the same way the range for the newF4 phase. The observation of this new
next data points at higher temperatures denote either phab@gh temperature phase is very surprising. No other alkaline
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1000 — T T T 17— ratio for hP2 Ba-Il lead to a significant modification of the
- . phase diagram, Fig. 5, in comparison with the literature data
_. 800 liguid e presented in Fig. 3.
g cF4 1
g sor i} CONCLUSION
2 L A
E’_ 400 - The unexpected observation ofcd4 phase in barium
E - . along the melting curve around 5 GPa together with the lack
T 200 S e — - of any evidence for the spurious phase “llI” previously as-
L 0 v e signed to the region from 8 to 12 GPa at ambient temperature
1] Lo, . e, leads to the designation of Ba-lll to this nes¥4 phase.
0 10 20 30 40 50 Together with the present first data for the slope of the I1l/IV
pressure [GPa] boundary given in Fig. 5, one finds a drastic change in the

) ) ) _ topology of the phase diagram for barium along the melting
FI_G. 5. Revised p_has_e diagram for barium. The labeling of thec;;rve. One can now speculate that the complex phase Ba-IV
data is the same as in Fig. 3. may represent only a “low temperature” structure which
allows for a connection of the stability regions of both
earth metal shows this type of behavior. However hP2 structures Ba-Il and Ba-V at high temperatures with the
phase could be rationalized as a precursor for the next cloggonsequence that Ba-V may just be reentrant Ba-Il. This
packedhP2 high pressure phase. Due to the lack of anyspeculation needs however further experimental support.
recent evidence for the earlier spurious Ba-“IlI"” phase, the
a_\ssignment of t_he number_ 1l to this new _phase can r_egstab- ACKNOWLEDGMENTS
lish a systematic labeling in this phase diagram providing a
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