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Pressure-induced structural phase transformations in a trivalent rare-earth metal praseo®mnivere
studied at room temperature in a diamond anvil cell to 103 GPa by energy dispersive x-ray diffraction using a
synchrotron source. Our x-ray diffraction studies document the following crystal structure sequence:
dhcp—fcc—distorted fcch R24 type)— monoclinic(C2/m) — a-uranium with increasing pressure. We mea-
sure a 16.7% volume collapse at the transition todheanium phase at 20 GPa. The high-pressgutganium
phase in Pr was found to be stable to the highest pressure of 103 GPa, which corresponds to a volume
compression//Vy=0.407.

Phase transformations in light rare-earth metals induced Pr was studied in a diamond anvil cell at room tempera-
by pressure are of great interest because of the possibility dfire employing copper as an internal pressure marker. Two
observing volume collapse transitions associated with the dadifferent experiments were carried out in our current study
localization of the 4 shell or Mott transition in this class of on Pr using energy dispersive x-ray diffraction with a syn-
metals!? A volume collapse accompanying thi§-4hell de-  chrotron source. These different experiments ensure repro-
localization is usually observed in light rare-earth metals ceducibility of various transformations under varying condi-
rium (Ce) at 0.7 GPaRef. 3 and in praseodymiuntPr) at  tions of sample thickness and pressure distributions. In both
20 GP& % However, the precise value of this volume col- experiments we used spring steel for the gasket material. In
lapse has not been clearly established in Pr as it depends time first experiment we employed diamonds with a central
the precollapse crystal structures, which are not yet fullyflat of 35 um and a 7.5° bevel angle to a culet size of 350
understood. The estimates have varied from 16%f. 6 to  um in diameter, and a sample hole of 2B in diameter was
13% (Ref. 7) depending on the assigned precollapse crystafilled with a polycrystalline sample of Pr and Cu. In the
structures. It is widely accepted that after the volume colsecond experiment diamonds with a central flat of 100
lapse in thea-uranium phase, # electrons are delocalized and a 7° bevel angle to a culet size of 3bf in diameter
and contribute to bonding and cohesion in the metallic statevere employed and a sample hole of & in diameter was
at high pressures. Somef aand 5 metals adopt a body- filled with Pr and Cu. For both experiments no liquid pres-
centered-tetragonal structure at high pres$uvesen thef  sure medium was utilized since Pr is an extremely soft ma-
electrons are itinerant and behave like band electrons. Aterial and reactivity of Pr with alcohol and water pressure
important issue to be considered is the eventual transition ohedium is a cause of concern. Energy dispersive x-ray dif-
Pr metal into a body-centered-tetragoribtt) structure at fraction data was recorded ¥1.7-C station at National Syn-
ultrahigh pressures. In cerium, this transformation to bcichrotron Light SourcéNSLS), Brookhaven National Labo-
structure occurs at 13 GPaand this transformation may ratory. The first x-ray diffraction experiment was performed
occur in Pr metal at megabar pressures. Our present study evith a microcollimated x-ray beam of +010um? and the
Pr metal is motivated by two considerations, first, to estabsecond experiment was performed with a beam size of 25
lish precollapse crystallographic phases below 20 GPa and 25.m?. The x-ray diffraction data were collected both on
second, to investigate further phase transformations beyondcreasing and decreasing pressure cycles and all transforma-
the knowna-uranium phase to a possible bct phase at ultrations reported in this study were found to be completely
high pressures. reversible on decreasing pressure.
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o % & & TABLE I. The comparison of the observed and calculated inter-
s | Q gl Pr planar spacingl,,; and the observed and calculated intensities for
- the x-ray diffraction data for praseodymium at 15 GPa. The calcu-
hR24 lated d,,, and intensities are based @=5.995-0.049A, b
P=0 GPa =3.1820.054 A, ©=5.633:0.010 A, and B=112.13*0.51°
a with 4i positions given by0.280, 0, 0.25pfor the C2/m phase.
o = :\‘
g E 3 hkl ealc (A) dobs (A) I calc I obs
=}
% N § 200 2.776 2.77%0.001 44 3&7
Ry L 11-1 2.654 2.6480.001 100 1084
§ o = 3 002 2.609 2.6080.001 51 514
2| 20-2 2.407 2.407.0.001 43 161
é 111 2.271 2.2710.001 87 481
= 11-2 2.103 2.1030.001 2 51
31-1 1.692 1.706:0.001 28 81
- 202 1.621 1.624 0.006 14 115
5 11-3 1.614 1.614 0.002 31 4+2
310 1.600 1.602 0.002 9 26-5
40-2 1.478 1.4720.039 6 42
9 20-4 1.401 1.39Z0.004 7 1*6
. . 40-3 1.364 1.371£0.002 3 279
15 25 35 45 55 22-3 1.198 1.1980.001 1 1
Energy (keV) 115 0.921 0.9210.001 1 31

FIG. 1. Energy dispersive x-ray diffraction spectrums of Pr

sample and copper pressure marffezaks marked with an asterisk oy nositions with a hexagonal cell at 15 GPa. Recent stud-
at various pressure€d=47.461-0.008 keV A. The upper panel ies on rare-earth metals CeriLﬁJn, neodymiuml,2 and

shows a pattern at 9 GPa indexed to a hexagon.al pha) and samarium® indicate that one of the po&tR24 phases is a
the lower panel shows a spectrum at 15 GPa indexed to a mono-

clinic phase C2/m, 4 atoms per cell The weak peaks labelat o monoclinic C2/m phase(Cmcm 4 atoms/ce)l Indexing the

andg correspond to an escape peak, oxide peak, and gasket pe "ghjquality 15 GPa spectrufi¥ig. 1) to C2/m gives a good
respectively. it with a=5.995+0.049A, b=3.182+0.054 A, c=5.633

+0.010A, andB=112.13%0.51°. The observed and cal-

. . . culated interplanar spacing and intensities for the 15-GPa
Praseodymium crystallizes in the double fdhcp struc- spectrum ofC2/m phase are shown in Table I. It is clear

ture at ambient conditions with measured lattice parameter; . ; . .
of a=3.672A andc=11.833A. The measured lattice pa- rom this comparison in Table I, that we have an excellent fit
rameter for copper pressure marker veas3.614 A for the TABLE Il. The comparison of the observed and calculated in-

fcc phase_ at aml?ient pressure. The pressure was increast%gplanar spacingdyy, and the observed and calculated intensities
gradually in the diamond anvil cell and the dhefcc trans-  or the x-ray diffraction data for praseodymium at 103 GPa. The
formation was observed at 4 GPa, and the-fctistorted fcc  cajculatedd,,, and intensities are based ar-2.500+0.004 A, b

transformation was observed at 7 GPa. The x-ray diffraction- 4.967+0.012 A, andc=4.531+0.001 A and positional param-
recorded for the distorted fcc phase between 7 and 10 GRaery=0.1 for thea-uranium phase.

were satisfactorily assigned to a hexagonal phdse24)
described by Hamayat al° Figure 1 upper panel shows a  hkl deaic (R) dops (R)

I calc I obs

fit to a hexagonahR24 phase at a pressure of 9 GPa. How-

ever, when the pressure was increased to the 10-12 GPa220 2.483 2.4720.003 6 2
pressure range, it became clear that the hexagoRa# fit 002 2.266 2.261.0.005 59 24
was no longer satisfactory. TH&13 and (202 as well as 110 2.233 2.2340.001 75 3%4
the (106) and (024) peaks moved apart substantially as seen 021 2.178 2.1780.001 100 10e1
in the lower panel of Fig. 1 at 15 GPa. Also, when trying to 111 2.003 2.0030.001 64 4x1
fit the 15 GPa spectrum tbR24 phase, none of the high- 112 1.590 1.59%0.001 52 151
energy peaks indexed corresponded to the high-energy peaksl30 1.380 1.3720.001 2 1
of the 9 GPa spectrum. The first thought was that upon in- 023 1.290 1.2920.002 11 1
creasing the pressure above 9 GPalilR24 structure was 113 1.251 1.2520.002 7 4t2
becoming increasingly distorted from the fcc phd&@he 040 1.242 1.23¢0.005 3 2+1
hexagonalhR24 structure(24 atoms/ce)l can be described 042 1.089 1.0880.001 44 11
with three positional parameters¢,6(0,0z;) and 1& (x, 133 1.019 1.0170.001 3 3+1
—X,Z,). By varying the parameters z,, andz, the amount 223 0.898 0.89F 0.001 1 1
of distortion can be varied from the fcc phase. However, this 152 0.855 0.8530.001 1 53
only effects the intensities and not the interplanar spacing, 310 0.822 0.822 0.001 1 32

dn and we were not able to get a good fit to the diffraction
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FIG. 2. Energy dispersive x-ray diffraction pattern of Pr samplegiate for pr metal to 103 GPa at room temperature. Five different
at the highest pressure of 103 GPa in this StuBgl=47.461 .y sallographic phases are labeled in this pressure range. The data
+0.008 keV A. Pr sample peaks are indexed to an orthorhombigaiow 20 GPa for precollapse phases and after 20 GPa for post-

a-U phase while copper pressure marker peaks correspond to an fegjapse phases are fitted by three different solid curves described in
phase and labeled by an asterisk. The weak peaks labeledind 4 text.

g correspond to an escape peak, oxide peak, and gasket peak, re-

spectively. A  significant  feature of the  monoclinic

to the interplanar spacings with th®2/m phase and fit to C2/mphase-orthorhombica-U phase in Pris the large vol-
the observed intensities is satisfactory considering the wellime collapse at the transition. The volume collapse is de-
known preferred orientation and grain growth effects in rarefined as AV/V=(V-V,)/V,,=0.167 or 16.7% at the tran-
earth metal$? It should be added that a previous sttftly sition pressure of 20 GPa, whevg, andV,, are the volumes
fitted hR24 phase to the entire pressure range between 7 arfdr the monoclinic and the-U phases, respectively, and can
20 GPa in Pr. However, we find that between 10 and 20 GPhe computed from the equation of state parameters described
pressure range, Pr diffraction patterns can be satisfactorilgelow.
indexed with a smaller monocliniC2/m cell with 4 atoms/ Figure 3 gives the equation of state of Pr to 103 GPa at
cell. Therefore, there is no clear need or advantage to defin@om temperature. The dhcp throu#itiR24 structure, and
a large unit cellhR24 with 24 atoms/cell in this pressure C2/m structure are fitted separately from theU structure
range of 10-20 GPa in Pr where a smaller monoclinic celyue to the volume collapse.
can describe the data very well. _ __ The equation of state employed in this analysis was the
At 20 GPa we observed a transformation from monoclinicy,odified universal equation of statMUEOS)'% as de-
C2/m— orthorhombic a-U (4atoms/cell phase, which is ¢qriped below:
stable up to 103 GPa. Figure 2 shows the energy dispersive
x-ray diffraction for Pr at the highest pressure of 103 GPa
indexed to thea-U phase with a=2.500+0.004A, b
=4.967+0.012A, andc=4.531+0.001A. Thea-U struc-  Where x>=V/V, is the volume compressiony=1.5(8,
ture in Pr has been confirmed by several previous studies 1), and H=Px%[3(1—x)]. Vo, By, and B} are the
above 20 GPa:"'%This a-U phase is stable to the highest atomic volume, isothermal bulk modulus, and the first pres-
pressure as is clear from the good agreement in the calcgure derivative of the bulk modulus at ambient pressure. The
lated and observed interplanar spacings and intensities atshock data for copp& when fitted to the MUEOS gives
pressure of 103 GP&able Il). a-U is an orthorhombic dis- g —143.7 GPaB/,=3.904, ang3=13.77. These parameters
tortion of the hep structure with cell parametersb, andc.  yere employed in our pressure calculations based on copper
The four atoms occupy ¢} positions with coordinates giandard.
(0y.7), (0~y.3), (3,y+3,3) and G,3—VY,3). They pa- The following MUEOS fits for Pr were obtained using the
rameter in then-U phase in most materials is close to &1. fit parameters as shown below. These three fits, for the low-
After varying they parameter about the 0.1 value we found pressure phases below 12 GPa, and @#m phase, and
that y=0.1 did give the best fit to the relative diffraction another for the high-pressureU phase, are shown by the
intensities in Table II. solid curves in Fig. 3:(low-pressure phasgB,=27.16

INH=InBy+ 7(1—x)+ B(1—x)?,
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+0.02 GPa,B,=0.096+ 0.004, 3=39.88+0.02, Vo(dhcp)  cally examiné’ the Gibbs free energy of the monoclinic
=34.538 A¥/atom for 0<P<12GPa; C2/m phas¢ B, (C2/m) and «-U phases in light rare-earth metals at high
=27.16-0.04 GPa, B,=1.424+0.005, B=25.25-0.06, pressures to elucidate this structural trend and shed light on
Vo(C2/m)=34.538 B/atom for 12<P<20GPa; (a-U the details of 4-delocalization phenomenon.

phas¢ By=24.73+0.01 GPa,B{=1.933+0.003, B=22.35 We offer the following conclusions based on our x-ray
+0.01, Vo(a-Uphase}29.012 8/atom for 26<P diffraction studies on Pr to 103 GPa at room temperature in
<103 GPa. a diamond anvil cell.

We now compare our high-pressure results on Pr with the (1) There is a larger volume collapse than previous mea-
known behavior of its neighboring elements Ce and Nd andgurements have suggested at tfielocalization in Pr at 20
consider some general implications for the entire rare-eartl6Pa. We measure a volume collapse of 16.7% at 20 GPa
metal series. The neighboring element to the right, Nd, hafrom a monoclinic phaseG2/m, 4 atoms per cellto the
been recently studied to 155 GPa and has shown a simil@rthorhombica-uranium phas¢Cmcm 4 atoms/cell
transition from the monoclinic @2/m) phase to thea-U (2) The a-uranium phase is stable to the highest pressure
phase at a considerably higher pressure of 113 '8Rhis  in this study to 103 GPa. The measured volume compression
transition pressure should be compared with the value of 2y pr is\v/v,=0.407 at 103 GPa. We provide the equation

GPa for Pr for transformation to theU phase. In the neigh- o state parameters for both the pre-collapse and post-
boring element to the left, Ce, the transformation pressure iBollapsed phases in praseodymium.

as low as 5 GPa and the total Gibbs free energy for the

monoclinic (C2/m) phase and the-U phase is very close We acknowledge support from the Metals Program, Divi-
and they coexist in the pressure range of 5—-13 GPa. Thersion of Materials Research, National Science Foundation
fore, it is clear that the onset pressure for #a¢) phase (NSF under Grant No. DMR-9704428. This research was
formation increases very rapidly as thé ghell is gradually carried ouf(in par) at the National Synchrotron Light Source
filled in rare-earth metals. Another interesting aspect of oufNSLS), Brookhaven National Laboratory, which is sup-
study is that the monoclinicd2/m) phase, which belongs to ported by the U.S. Department of Energy, Division of Mate-
a set of crystal structures derived by distorting fcc structurerials Sciences and Division of Chemical Sciences. We thank
appears to be a precursor to the formation of dld phase Dr. J. Hu of beamlineX-17C for her help during the experi-

in rare-earth metals. It would be very instructive to theoreti-mental run at NSLS.
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