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Phase diagram and equation of state of praseodymium at high pressures and temperatures
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The phase diagram for praseodymigRr) has been determined for pressures between 5 and 60 GPa and
temperatures between 295 and 830 K using hiotkitu energy- and angle-dispersive x-ray diffraction with
externally heated diamond-anvil cells. Mineral oil and argon were alternatively used as pressure media in order
to compare conflicting results in the literature and to ensure the validity of mineral oil as an inert medium.
Evidence for the presence of an, as yet, unidentified plaessoted Pr-V)l above 675 K has been observed,
whereas no compelling evidence has been observed for the existence of the recently reported monoclinic phase
(Pr-V). The new constraints of the phase diagram, therefore, suggest that the phase transitions occur as
Pr-I(dhcp—Pr-lI(fcc)—Pr-VI—Pr-IV(a-U) above approximately 700 K. Additionally, there is a Pr-

Il (distorted fcg, Pr-VI, and Pr-1V triple point at approximately 675 K and 23.8 GPa. Temperature-dependent
equations of state have been determined, allowing the temperature-dependent volume collapse at the transition
between Pr-Ill and Pr-1V to be calculated. We report a linear decrease of the volume collapse along the Pr-llI

to Pr-IV boundary with temperaturd,V/V (%)= 16.235-0.0156 T(K) ]; the extrapolation indicates that the
volume collapse should vanish well below the melting point. With the temperature-dependent equation of state
data and new phase diagram we demonstrate that the volume collapse can be accounted for by a change in the
multiplicity of Pr atoms as thé electrons go from localized to itinerant.
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INTRODUCTION other lanthanides such as Pm and especially Gd also have
phase transitions with notable volume changes at high
Crystal structures and phase diagrams of valence-bangressured®!° The delocalization of electrons also com-
f-electron transition metals, lanthanides and actinides alikenonly occurs in many light actinidgghorium to plutonium
are important for understanding the effectd-@lectron cor- at high pressures as well as across the whole actinide series
relation and bonding? The large volume-collapse transition at ambient pressufeBecause of its general importance,
in praseodymium(Pr), for example, is a good example of there have been an extensive amount of theoretical and ex-
the electronically induced structural change from a highperimental studies addressing various aspects of the volume-
symmetry closed-packe@r near closed-packgdce (or dis-  collapse transition in the literatute™ However, it is impor-
torted fco structure to a relatively low-symmetry orthorhom- tant to note that the previous studies concentrated
bic a-uranium (a-U) structure. The stability of high- extensively on Ce and were largely restricted to ambient
symmetry low-pressure phases has been understood in terggsmperature. Furthermore, no single theory has successfully
of localizedf e_Iectrons, as in many cases of ra}re-earth @nd gescribed the two governing phases of the volume-collapse
electron transition metafsThe low-symmetry high-pressure (ansition simultaneousfyTherefore, the goal of this study is
phases, on the other hand, have been understood in terms @, estigate the volume-collapse transition ofifsitu at

itinerant f electrons%t\)/lvh;chl part|C|patet|n dt_)otnd;pg and be'high temperatures and pressures. This data could better assist
fz;rg'?rurzzjrr('eesﬁci::?sl thi ga;)evvl:sywrﬂ?;zﬂn%gé'ons N CYSin the systematic understanding of volume-collapse transi-
i 9 ) tions inf-electron systems.

An analogous volume-collapse transition, due to the delo- The phase diagram of Pr exhibits profound polymorphism

calization off electrons, occurs in ceriufCe) at 0.7 GPa : o
and 300 K, fromy(fcc)-Ce to a(fcc)-Ce with a 16% volume at high pressures and temperatures, which is in many regards
' analogous to that of CeAt ambient temperature, Pr under-

change at 0.7 GPa and 300°K This isostructural transition, X °

however, is terminated at a critical point, 550 K and 1.8 GPaJ0es @ series of phase transitions from (Ehtp—Pr-

and at higher temperatures théfcc) phase directly trans- Il (fcc)—Pr-lli(distorted fcc, R3m)—Pr-1V(a-U, Cmcm.*?

forms to low-symmetnye’ (monoclinic ora-U)-Ce and upon The Pr-IV phase, which appears above 20 GPa at 300 K, is

further compression te(tetragongkCe. Thef electrons are then stable to at least 103 GPaA recent study, however,

considered to be well delocalized in baif+ ands-Ce® All has reported an additional phase Rménoclinic,C2/m) at

the postulatedy/a, ala’, o'l phase boundaries roughly ex- ambient temperature at pressures between Pr-lll at 10 GPa

trapolate to the same point, the unusual melting minimunand Pr-1V at 20 GP&® Subsequently, the same report lowers

near 950 K and 3 GPZ° the range for the distorted-fcc phaga-111) to between 7 and
Although Ce and Pr are two of the most distinctive ele-10 GPa. The transition between (tr V) and IV occurs with

ments reporting large volume collapses from 10% to 16%a large volume collapse 10%r 14%); while no significant
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volume changes were apparent between other transitions ahvil and gasket, which is the place closest to the sample,
the phases I, II, lll, and V13 and the second is at the table of the cylinder’s diamond anvil.

At high temperatures, the melting curve and phase bounda/hile these two measurements differ by as much as 10 K per
aries among the bcc phase, Pr-I, and Pr-Il were established 200-K temperature increase, in this paper we only report the
relatively low pressuregbelow 8 GPabased on an earlier temperature at the point closest to the sample.
differential thermal analysis stud§.However, the melting Samples using an argon pressure medium were heated in a
curve ng recently been extended to 60 GPa using lasggcyum oven using a different type of microheater. This mi-
heating.> The phase boundaries of Pr-Il, Pr-lll, and Pr-IV ¢roheater was made with a coiled nichrome wire placed in-
had been previously determined to 550 K and 22 GPa basedye 3 hollow ALO, toroid. Alternatively, some of these
on energy-dispersive x-ray diffractiaEDXD).'* However, samples were heated externally using a cable heater.
it is unfortunate that neither the unit-cell parametéad For some samples, praseodymium metal was kept under
thus equations of stateof the phases nor the temperature minera) oil before, during, and after loading into the DAC’s
dependence of the volume-collapse transition was detet, prevent contamination due to chemical reaction with air.
mined in that EDXD study. Nevertheless, those early studieg;reat care was taken to ensure that any fresh metal surface
extrapolated the phase boundaries and diagram of Pr t0 3Q;t from the main specimefa 10-g ingot of Pr with a 99.9%
GPa and 1400 K and indic_ated the triple point of Pr-III,_Pr-II, purity from Alfa Aesaj was prevented from being directly
and Pr-IV to be at approximately 537 K and 21 d%“- IS exposed to air. This was done once we observed that Pr metal
important to note that with the exception of a single datagy; quickly formed a light yellow green patina when there
point calculated from the shock Hugoniot curve, the phasgas no mineral oil to protect it. Mineral oil was chosen be-
diagram above 23 GPa and 550 K in temperature and abovg, se it was reported to be chemically inert withPAny
1200 K and 8 GPa in pressure was constructed entirely based mje we analyzed that was loaded without mineral oil was
on the extrapolations of lower-temperature data using simplgq¢ only contaminated by oxide formation but was not hy-
thermodynamic constraints.Furthermore, the presence of a drostatic at high pressurése., above 20 GPaeither. This
recently reported Pr-V phase in the phase diagram is Unsoyid be observed by a broad ruby luminescence spectrum
known above room temperature. It is also important to notg; those samples in which ruby was added as an indepen-
here that the earlier stutfused mineral oil as a hydrostatic dent check of pressure. For the samples loaded under an
pressure medium, whereas the latter s_fady_lsed NO  argon pressure medium, the praseodymium sample was
pressure-mediating fluid at all. Therefore, in this study weyjeaned of any oil and a fregishiny) surface was cut. The
have carefully reinvestigated the phase diagram of Pr by Ussptire operation was done in a glovebox under an argon at-
ing in situ synchrotron x-ray diffraction at high pressures andmosphere with the sample void space being subsequently
temperatures using either argon or mineral oil for the pressjjeq by liquid argon. In most samples, gold powder was
sure medium. o _ added as the pressure sensor. The equation of (B&t§ of

The main results reported in this paper includg the |4 is well knowr® and has been computed for high tem-
phase diagram of Pr to pressures as high as 60 GPa apd atyres and pressures. This makes the gold sensor more
temperatures as high as 830 &) the evidence of a new gjigple than ruby at high pressures and temperatures.
high-temperature Pr phagdenoted as Pr-V] (3) the equa- For some experiments, we utilized angle-dispersive x-ray
tion of state of Pr at ambient and elevated temperaté#s, iffraction (ADXD) by using a focused monochromatic
the temperature dependence of the volume-collapse trans,i;ray beam(20.0 keVj from beamline 10-2 at the Stanford
tion, and(5) the cal_culation of th(_e entropy change across theSynchrotron Radiation LaboratotBSRL). Image plate de-
III-IV boundary using the Clausius-Clapeyron equation andigctors were used to record the diffracted x rays from several
its comparison to the en_tropy chgnge due to a reorganizatiogy| |attice planes up to 2=40°. Using a 30xm x-ray colli-
of f electrons from localized to itinerant. mator (Rikagu, it typically takes about 15 min to collect an
ADXD pattern of Pr with a reasonably good signal-to-noise
ratio. Because of the relatively long exposure time required
of ADXD and the possibility of the reactivity of Pr with

For high-temperature experiments using mineral oil as thenineral oil at high temperatures, we used EDXD at the Ad-
pressure medium, diamond anvil ce{BAC's) were heated vanced Photon SourcéAPS for most high-temperature
to 700 K by an external heatdHBZ nozzle heater from x-ray experiments. Typically, a good diffraction pattern could
Omega wrapped around the cylinder part of our DAC’s. be obtained in less than 1 min. Almost all EDXD patterns
This DAC could be further heated to 1200 K by using anwere taken with the detector at #210° (i.e., Ed
internal microheater that surrounded the two diamond anvils=71.18 keVA). Some EDXD measurements were also
and interposing gasket. The internal microheater was cortaken at the National Synchrotron Light Souf®SLS) and
structed in three partgi) a Pt heating wire wrapped around would require nearly 10 min of collection time. Overall, sev-
a small corundum torugji) an insulating corundum block eral hundred diffraction patterns, encompassing a wide range
outside the Pt heater, arii) a four-hole plug. These four of temperatures and pressures, were obtained for the present
holes are used for holding two electrical leads, a thermostudy. All the samples were initially polycrystalline at ambi-
couple wire pair(K-type, Omega and a small pipe for a ent conditions. However, we often found that whenever a
purging gag1% H, in Ar) intake. The temperature was mea- sample underwent a phase transition at high temperature, it
sured at two places: the first is in contact with the diamonchad a tendency to anneal along several preferred orientations.

EXPERIMENTS
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1250 7vqma Pr crystal structures, but have lattice parameters that contra-
7 o unknown dict the larger body of data. Nevertheless, we do not suggest
/ f) fjjflic that these “discarded” data are useless, but that they require

1000 4} g feo a much more complex analysis in which impurity, grain size,

< v and nonhydrostatic effects can be taken into account.
E,’ B Except for the newly identified phase, all the x-ray data
2 ) were fitted based on previously published indexihf We
5 75011 AAA§AA aa also assume that the atom positions of each phase do not
E‘ . o8 N A change with pressure or temperature. This may have contrib-
2 : , a s IV ooa uted to some of the difficulties in fitting, especially for the
oo a4 oo TH : o : :
5004 . foe \ a b 8, peak intensities. As mentioned above, the phase assignment
o6 4 A A% a and indexing were done in a manner as consistent as pos-
i § A% Oa A sible, yet this did not always yield a clear result. Tt/
. Lpgho®s 2 o |
250 armoo o o 4 asan aas b4 ratio indexed for the distorted-fcc phase at 13.8 GPa and

0 10 20 30 0 50 60 ambient temperature was previously found to be 34mly
slightly greater than the/6 ratio for an ideal close-packed
lattice of this type. Although it has also been reported that at
FIG. 1. Phase diagram of praseodymium. Open squares are tHe3.8 GPa the sample should be monoclifisye saw no
fcc phase, open diamonds the distorted-fcc phase, open triangles tewidence for this. All the distorted-fcc data we report in this
a-U phase, and open circles are a new, as-yet, unidentified phasstudy have ac/a ratio between 2.46 and 2.5@bout 1%
The dhcp to fcc boundary is estimated from other regsk® text  from the previously reported valuéMe observed many pat-
and is shown as a dashed line. All the boundaries above 1000 K aterns that could be indexed with an excellent fit to this crystal
from Refs. 12, 14, and 15. structure, but withc/a ratios that were outside this range.
Since this phase has a diffraction pattern that is very close to
As a result, many of the diffraction patterns at high temperaa fcc pattern, and many peaks are identical in both, great care
tures suffer from unusual peak intensities, which hamperfias been taken to ensure that these phases are distinguished
characterization of the crystal structure of the new Pr phasproperly. However, the volume difference is only about 1%
reported in this paper. Further investigation of this structureand an indexing error here would not significantly affect the
is underway. Because of the added time required and thEQOS, just the location of the phase boundary. It is possible
complexity associated with high-temperature experimentsthat when thec/a ratio was outside the narrow range we
no attempt was made to rotate the cell when obtaining assigned for it, internal strain, stacking faults, and/or uniden-
diffraction pattern, which would correct for any anomalies intified phases could have caused the discrepancy.
peak intensity. The general appearance of our phase diagram is qualita-
tively in agreement with that of the previous study by Zhao,
RESULTS AND DISCUSSION Porsch, and HoIzapféf: It is remarkable that, given the lack
of diffraction peaks in that previous study, sufficient features
The crystal structures of Pr determined to 60 GPa and 836ould be distinguished to allow accurate phase assignment.
K in the present experiments are summarized in the phasdowever, their assignment of the superlatti§e , 3) peak
diagram of Fig. 1. The ambient-pressure results of both thesing the fcc basis is most likely tHi223) or (217) reflection
present and previous investigati6hs® were used to help indexed to the distorted-fcc phase from Ref. 17. We also
determine the pressure of each of the phase transitions at 3@ften observed that same peak diminish in intensity with
K. Due to the sluggish nature of some of the phase transiincreasing temperature, but other features of the phase re-
tions, we often observed hystereses, especially between timeain. Since this is the only means used in the previous
Pr-Il and Pr-lll phases. Phases Il and Il are very nearlystudy*? to distinguish Pr-lffcc) from Pr-llI(distorted fcg, it
identical since the distortion is less than 2% of the idealwould explain why their Pr-1l to Pr-1ll boundary has a shal-
packing for fcc. However, impurities, especially hydrogen,lower slope than that in our phase diagram. Another impor-
may also have an effect in shifting transition pressures anthnt difference in this work is that our phase diagram does
temperatures. It is possible that praseodymium’s interactionot show a fcc toa-U phase boundary; this is due to the
with a mineral oil medium can generate hydrogen that igpresence of a newly discovered high-temperature phase of
absorbed into the metal’s lattice. Given the rapid pace thaPr-VI above 675 K. The x-ray evidence of Pr-VI has been
the EDXD patterns are taken, very little annealing time wasllustrated in Fig. 2. The low-pressufeelow 8 GPa high-
allowed between successive data collections. Although outemperature phase boundaries have already been expfored.
phase diagram shows a lack of points near the P(di$-  That study shows the relationship between the dhcp, fcc, bcc,
torted fcg and Pr-IMa-U) phase boundary, this is not due to and liquid above 1000 K. The melting curve has been
a lack of experimental data. Rather, it is due to the difficultyextended to 60 GPa using laser heating and a triple point
of consistently fitting the pattern with the known distorted- has been projected at about 24 GPa and 1400 K based on
fce (or trying to fit with the suggested monoclinic structure these earlier reports. Based on our phase diagram, that triple
or orthorhombic structure. Many of the patterns near thigpoint would be for Pr-1l, Pr-VI, and liquid at a slightly higher
boundary could be fitted with those of previously identified pressure.

Pressure (GPa)
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(marked witha*) are identified for this phase in Fig. 2; none
of these lines correspond to those of the other known phases.
This new Pr-VI phase appears reversibly from both Pr-lll
and Pr-1V above approximately 670 K. The determination of
the crystal structure for this phase is very important. If it is
another distorted-fcc phase, then there might be no volume
collapse at the transition from Pr-II.

Additionally, none of the patterns in Fig. 2 could be in-
dexed using the recently suggested Rmdnoclinic,C2/m)
phaset® However, this does not rule out the possibility that
there may be other polytypes present near the currently
drawn Pr-ll(distorted fc¢ and Pr-IM«a-U) boundary. Every
time we attempted to index a pattern from a sample within
the distorted-fcd®, T regime as monoclinic, the result was a
significant increase in specific volume with no improvement
in the quality of the fit. Fitting with the suggested monoclinic
structuré® markedly inflates the volume collapse and, more
importantly, makes the proposed distorted-fcc to monoclinic

26.9 GPa, 718 K, ortho

3 21.1 GPa, 645 K, d-fcc

Intensity (arbitrary units)

g < transition yield an increase in volume, which is unphysical.
5 E“‘ _E The presence of hydrogen in our samples is also an unknown
5 A 5x 8 5 s § factor. We do not know how much is presddtie to being
A e AR < 2 packed in mineral oil before us@nd what effect it has on
25 2 s 40 45 s = e 65 the transitions. However, we do not believe that this has
Energy (keV) significantly altered the phase boundaries. Comparisons with

the samples loaded under argon result in a difference of, at

FIG. 2. Typical diffraction patterns for the various phas@. most, 1 GPa and 40 K, the approximate size of our error bars
The fcc phase at 13.9 GPa at 673Kni3m, Z=4,a=4.6131),(b) for elevated temperature experiments. Impurities, grain size,
distorted-fcc phase at 21.1 GPa and 645 R3fn, Z=24,a  and plastic deformation have been known to have a signifi-
=6.2157,c=15.4568),(c) a new phase at 19 GPa and 710 K, and cant effect on the transition between tB&lhcp and y(fcc)
(d) orthorhombic phase at 26.9 GPa and 718@®n{cm Z=4,a  phases of ceriuti: Furthermore, sample preparation seems
=2.7330b=5.4665,c=4.8769). Theh prefix is for the hydride to have been the cause of many conflicting results in the
phaseg for an escape peak, amgstands for gasket. The asterisks relationship between th€2/m and a-U phases of ceriunt:
are the unindexed peaks of the new phase. The new phase and The presence of nonhydrostatic strains could distort the
distorted-fcc patterns are converted from ADXD to match the enerfcec or distorted-fcc lattice into a po|ytype In such a case, the
gies of the other diffraction patterns taken by EDXD. difference observed between the present and preWioas

sults may be due to a lack of a hydrostatic pressure medium

Figure 2 illustrates the typical differences in the diffrac- in the previous study. The assumption that Pr is a “soft”
tion patterns of Pr, as the pressure increases at high tempefi@etal and does not require any hydrostatic medium does not
tures (68040 K). For a narrow region of temperature, the necessarily hold up at high pressures, although the potential
phase transitions in Pr occur as Rifdt)—Pr-lli(distorted  reactivity of Pr under extreme conditions clearly requires a
fcc)—new Pr-VI=Pr-IV(a-U). Above this region, phase Il carefully made selection of a pressure medium.
is no longer observed. Also, the diffraction patterns at 14, 21, There is evidence that the selection of mineral oil is not
and 27 GPa are very well described in terms of the crystaéntirely ideal; this is illustrated in Fig. 3. It demonstrates that
structures of three known phases, Rfelt), Pr-lli(distorted  pr-]v(a-U) at 618 K and 26 GPa transforms to new Pr-VI
fco), and Pr-IMa-U), respectively. The resulting lattice pa- (the peaks are marked with an asteyiak the temperature is
rameters are consistent with those identified at ambient temncreased to 715 K. The reaction product, which initially
peratures. For example, the reported ambient-temperatugexists with the pure Pr phase, is shown as a series of new
structural parameters for Pr{#ipace groufR3m, Z=24) at  diffraction lines marked ak(hkl) in the figure. Note that as
13.8 GPa(Ref. 17) area=6.4699 A andc=16.102 A and the temperature is maintained at 723 K and 20 GPa, those
for Pr-IV(space grougCmcm Z=4) at 23.3 GPdRef. 19  new lines are enhanced, while the diffraction intensities from
area=2.769 A,b=5.619 A, andc=4.851 A. The fcc su- Pr-VI are diminished. Those new diffraction lines can be
perlattice reflection(3, 2, 1) of the previous study is not fitted very well to a fcc structure with the lattice parameter
present in this distorted-fcc pattern. However, it is still con-a=4.7491 A at 723 K and 20.3 GPa. The lack of data points
sistent with the previous resuft showing a rapid decrease of presented above 830 K in Fig. 1 is solely due to the fact that
the superlattice peak with increasing temperatures; for exenly this fcc pattern remains shortly after such high tempera-
ample, this peak is hardly detectable at 403 K in the earlietures are reached and is irreversible. As the pressure is de-
study. creased, thel spacing of the fcc pattern approaches that of

We also report in Fig. 1 that the new Pr-VI phase exists ugPrH, . (0=<x<1) under ambient condition§For PrH,, a
to at least 741 K and 25.7 GPa. Several diffraction lines=5.4856 A (Refs. 20 and 211] Therefore, we conclude that
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20.3 GPa, 723 K, hydride the two lower-pressure phases are treated together in this
EOS fit. By using these data and presuming a linear tempera-
ture dependence of the three variables in the Birch-
Murnaghan equatiof?. we are able to assign a small first-
order temperature dependence of the bulk modulus at
ambient pressure and high temperatBgg , its pressure de-
rivative B’, and specific volume/,1 at ambient pressure
and high temperature. The data for 300, 540, 660, and 725 K
have been graphed in Fig. 4. The data plotted in each of
those graphs are within 40 K of the temperature listed for
that graph, which is acceptable considering the small thermal
expansion of Pfabout 0.1% in volume over 100)KEach
graph yields two EOS equations, one for the combined Pr-II
and Pr-lll phases and another for the Pr-1V phase. Bpe
Vo, andB’ at 300 K were chosen to best fit both our data as
well as those in the literature. The resulting parameters are
summarized in Table 1, together with their temperature de-
pendence. It is important to remember that when extrapolat-
ing bulk modulus and volume to zero pressure for the Pr-II
and Pr-lll phases, one has to metastably pass through the
dhcp phaséPr-1). Obviously, that extrapolation is even more
severe for Pr-IV.

The magnitude of the volume collapse in the Pr-1ll to
Pr-IV transition is sensitive to the initial estimation of the

FIG. 3. The production of a hydride compound due to heating aEOS fitting parameters. Using the values in Table I, we esti-
high pressure. Lower panel: a typical orthorhombic pattern taken afnate the volume collapse in this transition as shown in Fig.
26.1 GPa and 618 K. Middle panel: Further heafity715 K) has 5. These graphs do not take into account the presence of the
transformed the orthorhombic phase to a new, as-yet unidentifiedis-yet unidentified Pr-VI phase at temperatures above 670 K,
phase and has produced some hydride compound. Upper panel: Theit extrapolates the phase boundary to higher temperatures
sample pressure has dropped a bit, but the transformation to hydridend pressures. Not surprisingly, given the systematic ap-
is essentially complete. proach for generating the EOS parameters, the fractional vol-

ume change of the transition decreases linearly with tempera-

a chemical reaction occurs between Pr and mineral oil ature: AV/V(%)=16.235-0.0156T(K)]. Note that the
high temperatures and pressures and forms a hydride. Onagtercept of this line(zero volume collapgeis at 1040 K,
PrH,., is formed, the diffraction patterns indicating the which is about 500 K below the melting temperature of Pr at
presence of pure Pr-IV only reappeared when the pressu8 GPa reported by laser heatitigThe gradual decrease of
was markedly increased. However, the pure Pr-IV patterrthe volume collapse in Pr appears to be in marked contrast to
disappeared agaiwith the hydride pattern reappearing the rapid decrease of the isostructural volume collapse in Ce
upon lowering the pressure at high temperature. It is no&s the critical point is approached, the temperature of the
surprising that no such reaction has been observed in theitical point being significantly lower than that of the melt.
previous experiments below 550 K at about 20 GPa. We alsblowever, the magnitude of the volume collapse decreases as
do not know if there is any catalytic activity for Pr under the pressure is increased only because the slope of the Pr-lI
high pressure. No such reaction was observed when argdn Pr-1V boundary ¢ P/dT) is positive. Since the compress-
was chosen as the pressure medium, but the same phase itglity of phase Il is greater than phase IV, the higher the
lationships were observed. A more detailed study of the hypressure for the transition the smaller the volume change.
dride will be published in the future. This is why determining the structutand volume of phase

Based on the large number of Pr diffraction patterns ob¥VI is so important. If the transition to phase VI from phase
tained in the present study, we were able to determine severHl has no significant volume collapse, and compresses simi-
isotherms of Pr at elevated temperatures as plotted in Fig. 4arly to phase lll, then the change in slofen increase in
Although we do not have diffraction patterns that clearlydP/dT) for the phase VI to IV transition suggests a much
show the coexistence of the Pr{Historted fcg and Pr- more rapidly diminishing volume collapse. Nevertheless, Pr
IV (a-U) phases at the transition, we are able to extrapolatenay be analogous in its behavior of the subsequent phase
from the many data points close to the pressures and tentransitions in Ce fromy(fcc) to o’ (a-U) then toe(tetragonal
peratures that compose the transition line. The triple point fophases, all of which are electronic in natdfe.
Pr-1ll, Pr-Iv, and Pr-VI is extremely useful as an end point  The large volume collapse of Pr is similar to that in Ce
for this boundary. We have chosen five temperatures, includn at least one other respect: the change in entropy due to
ing ambient, to calculate EOS’s for the Pr¢ftic) plus Pr-  the change in electronic character from localized to itinerant.
1l (distorted fcg phases and the Pr-(%-U) phase. Because For the system extrapolated towafit=0 K, the entropy
of their similar crystal structures and compression behaviorsshange can be calculated due to the difference in ground-

h(311)
Au(220)

? KB1
kB2 n(220)
s,

w

( Au(222)

(222)
Au(311)

kott

25.8 GPa, 715 K, new + hydride

Intensity (arbitrary units)

26.1 GPa, 618 K, ortho

kot

kB1+(112)

(110)
Au(220)

T T T T T T T

25 30 35 40 45 50 55 60 65
Energy (keV)
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state multiplicityJ. The entropy contribution can be calcu- of P=17.23 GPa. The result &fS/kg=2.319[from Eq.(2)]

lated from is in remarkable agreement with the change in entropy
calculated from a change in bond character assuming, of

S=kgIn(2J+1). (1)  course, that the major contribution is from a change in mul-

tiplicity. This is analogous to what has been calculated for

The ground state of the trivalent Pr atom 3sl,, which cerium?*

gives AS/kg=2.197 since phase IV is itinerant and would

effectively haveJ=0. We compare this to thAS/kg from

the Clausius-Clapeyron equation shown below: CONCLUSIONS

The phase diagram of Pr between 5 and 60 GPa from 295
AS=AV(dP/dT). (2)  to 830 K has been determined by ADXD and EDXD experi-
ments. There are four phases observed in this region: three
If we use Flg 1, we find that the Slope of the IlI-IV boundary previous|y known phases and a new high_pressure_high_
is dP/dT=9.73 MPa/K. Tle 0 K change in volume across

that boundaryAV=3.29 A3, is calculated from our equation ~ ,

of state data at the extrapolated pressure, also from Fig. 1,\; .
; 10 4
TABLE |. EOS values for Pr-1l/Pr-1ll and for Pr-IV. é .
S s
A (per 100 K S °]
fcc+distorted-fcc phases At 300 K increasg S 4
(=] 2
B, (GP3a (fcc and distorted foc 25.1+0.3 0.29+0.051 = 0 ‘ ‘ ‘
Vo (A%/atom) (fcc and distorted foc  34.2+0.2 0.221-0.022 250 450 650 850 1050
B’ (fcc and distorted foc 2.9+0.2 —0.065£0.026 Temperature (K)
B, (GP3 (orthg 25.7+0.3  0.066-0.020 FIG. 5. The volume collapse at the appropriate pressures as a
Vo (A%atom (ortho) 27.0+0.3 0.385-0.030  function of temperature. The extrapolation to zero is based on a
B’ (ortho 4.9+0.1 —0.180+0.020 linear fit following the equation:AV/V (%)=16.235-0.0156
[T(K)].
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temperature phase discovered in the present study. We cannot ACKNOWLEDGMENTS

find any evidence for a monoclinic phase. An equation of

state for the entire pressure and temperature region of this We greatly appreciate K. Visbeck for his experimental
study has been determined. The selection of mineral oil as @ssistance and A. McMahan for his invaluable discussions.
useful hydrostatic pressure medium may be, at best, miniWe also greatly appreciate the efforts and assistance from the
mally acceptable at lower temperatures. However, there istaffs at the SSRL and APS, where the present x-ray studies
clearly a chemical reaction between mineral oil and Pr abovevere performed. This work has been supported by the Phys-
650 K. The fractional volume change of the Pr-Ill to Pr-1V ics Data Research Program and the Laboratory-Directed Re-
transition gradually decreases with temperature, extrapolasearch and Development Program at the Lawrence Liver-
ing to zero well below the normal melting temperature. Thismore National Laboratory, University of California under the
transition corresponds to a similar volume collapse in ceriumauspices of the U.S. Department of Energy under Contract
where localized electrons become itinerant. No. W-7405-ENG-48.

1A. McMahan, C. Huscroft, R. T. Scalettar, and E. L. Pollock, J. (1995.

Comput.-Aided Mater. Des, 131(1998. 13G. N. Chesnut and Y. K. Vohra, Phys. Rev.6R, 2965(2000.
2p. Soderlind, Adv. Phys47, 959 (1998. A, Jayaraman, Phys. Re¥39, A690 (1965.
3H. L. Skriver, in Physics of Solids Under High Pressuedited  15p. Errandonea, R. Boehler, and M. Ross, Phys. Rev. I8&t.
by J. S. Schilling and R. N. SheltofNorth-Holland, Amster- 3444(2000.

dam, 1981 18D, L. Heinz and R. Jeanloz, J. Appl. Phy&5, 885 (1984.
“P. Soderlind, O. Eriksson, B. Johansson, J. M. Wills, and A. M.17. Hamaya, Y. Sakamoto, H. Fujihisa, Y. Fuijii, K. Takemura, T.
. Boring, Nature(London 374 524 (1995. . Kikegawa, and O. Shimomura, J. Phys.: Condens. Méiter
J. S. Olsen, L. Gerward, U. Benedict, and J. P. Itie, PhyE83B, 1369 (1993.

6 129 (1985. 18N. Hamaya, N. Okabe, M. Yamakata, T. Yagi, and O. Shimomura,
Y. K. Vohra and S. L. Beaver, J. Appl. Phy&5, 2451(1999. High Press. Resl4, 287 (1996

’D. A. Young, Phase Diagrams of the Elementgniversity of
California Press, Berkeley, CA, 1991Chap. 15, p. 21.

8Y. Zhao and W. B. Holzapfel, J. Alloys Comp846, 216 (1997).

9J. Akella, G. S. Smith, and A. P. Jephcoat, J. Phys. Chem. Solid
49, 573(1988.

R, G. Haire, S. Heathman, and U. Benedict, High Press. Res.

W, A. Grosshans, Y. K. Vohra, and W. B. Holzapfel, J. Phys. F:
Met. Phys.13, L147 (1983.

20G. Meyer, ICDB, PDF card 42-0982.

2Q‘lC. Okhi, H. Uchida, and E. Ko, J. Jpn. Inst. M4, 146 (1990.

22F Birch, J. Appl. Phys4, 279(1938.

23W. J. Carter, J. N. Fritz, S. P. Marsh, and R. G. McQueen, J. Phys.

273 (1990. :
1M, 1. McMahon and R. J. Nelmes, Phys. Rev. Let8, 3884 Chem. Solids36, 741 (1975.

(1997. 24B. Johansson, I. A. Abrikosov, M. Algg A. V. Ruban, and H. L.
2y C. Zhao, F. Porsch, and W. B. Holzapfel, Phys. Re&2B134 Skriver, Phys. Rev. Letfr4, 2335(1995.

134115-7



