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Determination of triple points in the phase diagram of praseodymium
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The phase diagram for praseodymium under pressures up to 23 GPa and temperatures up to 573 K is
studied by in situ energy-dispersive x-ray diffraction with an externally heated diamond-anvil cell ap-
paratus along the phase boundaries between Pr(II) (fcc), Pr(III) {distorted fcc), and Pr(IV) (a-uranium-

type structure). The triple point of these three phases is located around 21 GPa and 537 K, representing
the end point of the apparently second-order phase transition between Pr{II) and Pr(III) at the transition
to the high-pressure phase Pr(IV). Together with the compression data for Pr at ambient temperature,
the present study extends the P-T phase diagram up to the melting lines.

The structural systematics of the regular trivalent
lanthanide (Ln) metals (from La to Lu without Ce, Eu,
and Yb) have been studied near ambient pressures in a
wide range of temperatures and under higher pressures in
more restricted temperature ranges. ' After Ce, Pr is
the next Ln metal which shows strong 4f-electron contri-
butions to its structural energy under pressure, manifest-
ed by the volume-collapse transition from Pr(III) (distort-
ed fcc) to Pr(IV) (a-U-type structure) and by similarity in
its resistivity behavior at the Pr(III)-Pr(IV) transition
around 21 GPa in comparison with the y-n phase transi-
tion of Ce, ' "which is generally related to 4f-electron
delocalization. The boundaries in the I'-T phase diagram
for Pr had been studied earlier by differential thermal
analysis, ' ' x-ray diffraction, and at low temperatures
by electrical resistivity measurements. Especially the re-
sults9'4 on the Pr(II)-Pr(III) and Pr(III)-Pr(IV) boun-
daries gave hints for the possible existence of a new triple
point. The primary intention of the present work was the
search for this triple point, keeping in mind that the tran-
sition between Pr(II) with its fcc structure and Pr(III)
with its distorted-fcc structure has been considered to be
an apparently second-order phase transition, which could
result in a special triple point at the strong first-order
phase transitions ' ' to Pr(IV).

In addition, the unusually flat melting curve for Pr(II)
and some discrepancy with shock-wave data on melting
under pressure raised the question as how these results
could be reconciled with the existence of the high-
pressure phase Pr(IV) and with the indications of 4f
electron delocalization.

In the present measurements, pressure was generated
with a diamond anvil cell (DAC). ' ' An external elec-
trical resistivity heater was used to obtain homogenous
temperatures in the sample up to 573 K. The phases
were identified by energy-dispersive x-ray diffraction
(EDXD) with a tungsten fine-focus x-ray tube operated at
25 mA and 60 kV and a conical collimator system with
20= 10 placed in front of a large-area intrinsic Ge detec-
tor as described previously. ' The exact value of 20 in
each run was calibrated by EDXD spectra of gold
powder. This system is especially suitable for high-
pressure —high-temperature EDXD studies due to the

averaging over the whole diffraction ring, which im-
proves the spectral quality for coarse-grained samples
significantly. Mineral oil was used as the pressure-
transmitting medium to prevent also the sample from ox-
idation during sample loading. This oil is obviously
chemically inert to Pr up to at least 573 K, because no
spurious diffraction peaks could be detected. With the
present experimental instrumentation, diffraction spectra
recorded in less than 100 s have sufficient intensity to an-
alyze the phase composition. The Pr sample material had
been obtained from K. A. Gschneidner, Jr., with analysis
of the major impurities in atomic ppm: 652 for oxygen,
23 for iron, and 17 for other rare metals.

To locate the phase boundaries, the x-ray-diffraction
spectra were recorded either on heating and cooling at
fixed load, starting with a de6ned pressure at room tem-
perature, or by isothermal compression and decompres-
sion. In total, 69 EDXD spectra were recorded in these
experiments. The temperatures were measured and con-
trolled by a PID regulator with a calibrated Chromel-
Alumel thermocouple in contact to one diamond anvil.
The pressures were measured at room temperature by the
ruby fluorescence technique. At the higher tempera-
tures the fluorescence signal of ruby R lines became too
weak for accurate pressure determinations. Since the
diffraction spectra of the common pressure standards for
high-temperature x-ray measurements such as Au and Pt
(Refs. 21 and 22) interfere seriously with the spectra of
the sample, no extra internal pressure standards were
used, but the pressures at elevated temperatures were
evaluated directly from the measured volume of the Pr
sample itself, taking into account that the thermal correc-
tion could be estimated with sufficient accuracy by the
equation of state. From the 300-K isotherm with a De-
bye temperature OD = 151 K, the approximation
y / V =go/ Vo, and a Slater-Griineisen parameter
yz O=0.83, the maximum thermal pressure correction is
only 0.5 GPa (at 21 GPa and 573 K). Runs in the pro-
cesses of heating and cooling at a fixed load indicated
that the pressures evaluated by the above method were
very close to the corresponding starting pressures at
room temperature, with the maximum deviations of 0.3
GPa in the lower-pressure range (5—16 GPa) and 0.4 GPa
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in the upper range (17—23 GPa) and thus typically within
the general experimental uncertainty. This indicates that
these heating cycles at a fixed load can be regarded as iso-
baric processes. The present experimental data on the
phase diagram of Pr are represented in Fig. 1 together
with earlier results. ' ' ' ' The data' for the Pr(III)-
Pr(IV) phase boundary below 300 K were shifted by 10%%uo

to higher pressures to take into account the later re-
vision of the corresponding pressure determinations.

The Pr(II)-Pr(III) phase boundary was determined pri-
marily in isobaric temperature scans, and Fig. 2 shows
typical EDXD spectra at 12.3 GPa, for Pr(III) at 300 K
and for Pr(II) at 403 K, respectively, with an indexing of
the superlattice diffraction lines by half-integer numbers.
It can be seen that the intensities of the superlattice
diffraction lines decrease with increasing temperature,
and thus the temperature at which these diffraction lines
disappear was taken as the temperature of the transition
between Pr(II) and Pr(III). The question of whether this
phase transition is truly second order, however, could not
be resolved with this technique. ' Since the present
EI3XD setup, optimized for stronger intensities, does not
resolve the ( —', —', —') peak from its much stronger (111)

eakneighbor and leads also to an overlap of the ( —„—„—,) peak
with the fluorescence Ko, peak at higher pressures, the
transition temperatures were determined by fitting two
Gaussian profiles and a linear background to the (220)-
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FIG. 2. Diffraction spectra for (a) Pr(III) at 300 K and (b)
Pr(II) at 403 K at 12.3 GPa. The enlarged sections of these
spectra on the right side illustrate the intensity variation of the
superlattice reflections.
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( —' —' —') pair, keeping the full width at half maximum2' 2~ 2

(FWHM) of the Gaussian profiles fixed to their 300-K
values. Figure 3 shows a typical variation of the intensity
of these two lines with temperature, where both intensi-
ties were normalized with respect to the intensity of the
E/3 doublet. From the decrease in the intensity of the
( —' —' —') peak, one finds at this pressure of 15.2 GPa a2~r~2
transition temperature of 435(15) K. The same methou
was used for determining the transition temperatures at
other pressures, and the results are shown in Fig. 1 by
solid circles.

The phase boundary between Pr(III) and Pr(IV) was
determined both in isothermal and isobaric scans. Figure
4 shows typical diffraction spectra for the
Pr(IV) ~Pr(III) transformation under isothermal
decompression. Figure 5 presents diffraction spectra for
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FIG. 1. Pressure-temperature phase diagram of Pr. The
presenresent data are represented by solid symbols with the solid
lines as guides to eye. The dot-dashed line is from Ref. 7. The
long-dashed lines are from Refs. 12 and 13. The triple-
dotted —dashed line reproduces the calculated melting line from
shock wave data (Ref. 25). The short-dashed lines are from
Heinrichs and Wittig (Ref. 14) and Wittig (Ref. 9) with ap-
propriate corrections discussed in the text. A Hugoniot melting
point from the shock wave data (Ref. 25) is represented by the
open square and dotted lines represent extrapolations and esti-
mates as discussed in the text.
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FIG. 3. Typical variation of scaled intensities with tempera-
ture at 15.2 GPa. The two spectra at this pressure illustrate the
intensity variation of the ( 2, 2, 2 ) peak.
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the transformation from Pr(III) (metastable at 300 K and
21.9 GPa) to Pr(IV) at an isobaric 21.9-GPa scan from
300 to 325 K. In contrast to the apparently continuous
Pr(II)-Pr(III) phase transition, considerable hysteresis
was observed in the Pr(III) ~Pr(IV) transformation,
where the equilibrium phase transition pressures were
taken therefore as the midpoints between the forward and
backward transformations at constant temperature T.
These data are illustrated in Fig. 1 by solid squares with
horizontal lines indicating the width of the hysteresis
loop.

One data point for the Pr(II)-Pr(IV) transition mea-
sured at 573 K is also shown in Fig. 1 by a solid triangle.
An EDXD spectrum for Pr(II) around this data point is
shown in Fig. 6. The extrapolation of the II-III boundary
toward the stability area of Pr(IV) locates the triple point
at 21(1) GPa and 537(15) K. Since the phase transitions
Pr(III)-Pr(IV) and Pr(II)-Pr(IV) are strongly first order
and the Pr(II)-Pr(III) is apparently of second order, it fol-
lows from the Clausius-Clapeyron equation that both the
II-IV and III-IV transition lines must have (apparently)
the same slopes at the triple point; i.e., there is no kink.
The same reasoning applies to the I-II-III triple point.

In addition to the earlier estimates of the melting line
for Pr(II), one can use also for Pr(IV) the Lindemann
melting relation with the Debye-Gruneisen parameter y
and its estimate from isothermal compression data
with V(d P/dV )/(dP/BV) =KT and the Dugdale-
MacDonald relation y =(KT—1)/2 to derive the relation
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FIG. 5. Diffraction spectra in an isobaric scan at 21.9 GPa
for the Pr(III) —+Pr(IV) transformation at 325 K with typical ac-
quisition times of 100 s. (a) and (b) are the spectrum for this
transition during first 100 and 300 s, respectively.
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lation reproduces the very small slope for the melting line
of Pr(II), when one inserts the respective value of KT =2,
and one calculates a significantly larger slope for the
melting curve of Pr(IV) when the corresponding values
of XT= 5 and KT = 120 GPa are taken into account.
Since the value for KT at melting may be somewhat
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FIG. 4. Diffraction spectra. for the isothermal

Pr(IV) —+Pr(III) transformation at 443 K taken on decompres-
sion from 21.8 to 20.0 GPa. Acquisition times are 3 h for the
first and 14 h for the second spectrum, respectively.
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FIG. 6. Diffraction spectrum at 573 K and 20 GPa with the
escape peak from the Ka lines denoted by "esc" and indexing of
the diffraction lines according to the fcc structure of Pr(II).
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lower, this slope represents a lower limit for the melting
line of Pr(IV). On the other hand, one can also use the
Clausius-Clapeyron relation dT/dP =XV/b, S -for both
sections of the melting curve. The measurements show
that value of b, V/V for the Pr(III)~Pr(IV) phase transi-
tion decreases from 13%%uo at ambient temperature to 7%%uo

at 573 K. Therefore b, V/V= 13%%uo gives an upper limit of
the volume change at high temperatures. Since AS,&„„
for both sections of the melting curve can be regarded as
being almost constant AS,&„„g-R and large compared
with hS&& &v for the II-IV transition near the triple point,
the Clausius-Clapeyron relation results in an increase in
the slope of the melting curve at the triple point from al-
most 0 to about 170 K/GPa, which is considered as an
upper limit for the slope of this melting line. Shock wave
studies on Ln metals located the melting point on the
Hugoniot curve for Pr around 28 GPa and 1400 K as
shown in Fig. 1 by an open square, and it was noted
that this value for the melting temperature was much
higher than their calculated melting line shown as the

triple-dotted —dashed line in Fig. 1. The present study
offers an explanation for this apparent discrepancy by the
observation that the Hugoniot curve may intercept
through the phase Pr(IV) with its much steeper melting
curve. The connection between the triple point and the
Hugoniot melting point is shown in Fig. 1 by a dotted
line, which represents the present best data for melting of
Pr(IV) right in the middle between the estimated lower
and upper limits.

In summary, one observes a topology of the I'-T phase
diagram for Pr, which shows a strong similarity to the
phase diagram of Ce in its region of the 4f delocaliza-
tion.
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