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Pressure-induced changes in protactinium metal: Importance to actinide-metal bonding concepts
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Protactinium occupies an important position in the actinide series of elements, as it represents the first of
four elementgPa-Pu having 5f-electron character in their bonding at atmospheric pressure. We have deter-
mined in experimental studies with synchrotron radiation to 130 GPa, that the tetragonal structure of protac-
tinium (space group4/mmm) converts to an orthorhombic, alpha-uranium structspgace grougCmcn) at
77(5) GPa, where the atomic volume has been reduced-B9%. This structural change is interpreted as
reflecting an increase infSelectron contribution to the bonding in protactinium over that initially present,
becoming more similar to that present in alpha-uranium metal at atmospheric pressure. We determined experi-
mentally that this structural transformation occurred at significantly higher pressures and at a smaller atomic
volume than predicted by theory. The experimental results reported here represent the highest pressures under
which protactinium metal has been studied.
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I. INTRODUCTION ingly occupied, and participate to varying degrees in the me-
tallic bonding!’~2It is this influx of f-electron character into

In the f series of elements, it has been established thaheir bonding that generates rare polymorphism, low-
metals having localized electrons exhibit greater atomic symmetry crystal structures, and smaller compressibility, fac-
volumes and have more symmetrical structures than thosets not displayed by other metals in the Periodic Table. This
whosef electrons are involved in their bonding. Reviews areitinerancy of § electrons at atmospheric pressure disappears
available covering the occurrencefedlectron delocalization when reaching americium, with it and the subsequent ele-
in lanthanide and actinide metals accompanying decreasaflents, their 5 electrons are fully localized. The transpluto-
interatomic distances forced by presstiréinterestingly, af-  nium elements’ crystal structures resemble mainly those dis-
ter acquiring 4-electron character in their bonding from ap- played by the 4 series of elements that have fully localized
plying pressure, lanthanide metals adopt some of the samaf electrons.
low-symmetry structures exhibited normally by the protac-  Theoretical calculations in conjunction with experimental
tinium through plutonium elements at atmospheric pressuréindings have provided important fundamental insights into
Cerium, neodymium, and praseodymium are three examplage behavior of the structures, bonding, and energy levels of
of 4f-electron elements that display this behatidh.The  thesef-electron elements as a function of pressure, when
structures of these four light actinides arise fromeectron  their interatomic distances are significantly reduced. Both
participation in their bonding. Recently there has been infully relativistic, linear muffin-tin orbital and/or full-
creased interest in the pressure behavior @ements given potential, linearized plane-wave methods have been used in
the capability to predict theoretically potential structural these predictive calculations. Of particular interest here is the
changes with pressure and the ability to now acquire ex- computational work on americiuf praseodymiuni, tho-
perimental information to very high pressufesg., hundreds rium, uranium, neptunium, plutonium, and americium
of GP3a. metals’ ! Results from recent experiments have provided

Studies of protactinium in general have been sparse, duénportant insights into the bonding and behavior of ameri-
in part to its limited availability and radioactivity, but some cium under pressur® 2* altering previous conclusions
of its known properties have been reviewddts supercon- reached by experimedt$ and theory.?* The more recent
ducting propertie§ and high enthalpy of vaporizatibtr® experimental findings with americium have relevance to the
in part established that its bonding hals&ectron character present work on protactinium, and for this reason some as-
at atmospheric pressutee., itinerant 5 electrong.*’ pects are cited here.

Protactinium being the first of four actinide metals having The delocalization of americium’'sfSelectrons by pres-
itinerant 5 electrons at atmospheric pressure occupies asure occurs in two steps, with the progressive formation of
important position in the series. The energies of the empty 5two lower-symmetry structures. In the first step, a
orbitals of the preceding actinide element, thorium, are suf+-plutonium-type structur¢Fddd) is formed, which is fol-
ficiently high, and it behaves as a®lock transition metal lowed by a primitive orthorhombic structurd®nma. The
with 6d?7s?> bonding electrons. With increasing nuclear latter has a close relationship to tH@mcm a-uranium
charge, the energies of thd Brbitals relative to the  and  structure?>~2*An important finding was the establishment of
7s orbitals change dramatically. The ®rbitals of the next  structural links of americium with other actinides: first, be-
four elementdprotactinium through plutoniujrare increas- tween the Am-lll phase ang-Pu (its near neighbgrand
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then between the Am-IV phase anelJ. In the present work, the Syassen-Holzapfel cells, enabling reasonable hydrostatic
structural links are established between the high-pressureonditions to be retained during important pressure regions.
phase of protactinium and its near neighbor, uranium, ané&ilicone oil (Dow Corning D-20% was used as the pressure
with the high-pressure Am-1V phase. medium for the Cornell cells. At higher pressures, the hydro-

Our focus in the present work was to ascertain the effecstatic nature of the two transmitting media is about equiva-
of pressure on the structural and electronic behaviors of prdent.
tactinium. The pressure behavior of protactinium has been The Syassen-Holzapfel cell functions better for small
addressed previously, first experiment&llyand then by pressure steps and for employing liquefied gdses, nitro-
theory?® This earlier experimental work examined protac- gen, argoh as the pressure-transmitting medium, while the
tinium metal up to 53 GPa, using energy dispersive x-rayCornell-type design is better suited for higher pressures. The
diffraction. A subsequent calculation for the pressure behav€ornell-type cells used beveled diamonds with nominal 120
ior of protactinium under pressure using first-principlesum flats and steel gaskets with 40—@@3-diameter holes.
theory?® suggested that several potential structural transforThe Syassen-Holzapfel cells used beveled diamonds with
mations may occur under pressure. 400-um flats and inconel gaskets with holes €200-um

The experimental work reported here examined the strucdiameter. Pressure “markers” were rulfthe fluorescence
tural behavior of protactinium to 130 GPa, using diamond-techniqué® or copper metalvia its equation of stafd).
anvil pressure cell€DAC's). The exceptional brilliance pro- The pressure cells were pre-conditioned at the Institute for
vided by the European Synchrotron Radiation FacilityTransuranium Element$TU), and then loaded with samples
(ESRB allowed us to acquire high quality, angle dispersiveand provided with the proper containment at Oak Ridge Na-
x-ray data, and to analyze its behavior using only a fewtional Laboratory(ORNL). Using in-house techniques devel-
micrograms of metal. In addition to determining comprehen-oped at ORNL, the cells with the samplésnder a few
sively the behavior of protactinium under pressure, we havéenths GPa and free of any radioactive contaminatwere
also derived a different experimental bulk modulus. Our“double contained” and placed in special housings for use at
value is considerably smaller than that derived from a previthe ESRF. For containment, beryllium foils and plastic films
ous study® but higher than the modulus extracted by (Melinex) were used in conjunction with the special metal
calculations’®~2We present here our detailed experimentalhousingé* for the DAC’s. Melinex was selected based on its
findings for the pressure behavior of protactinium, togethetransparency to x rays as well as to the argon laser output
with discussions on the implications of these findings and theised for the fluorescence analyses. The cells were then
reported theoretical predictions for its pressure behavior. shipped to the ESRF for the diffraction studies. After the
diffraction studies at the ESRF, the cells were returned un-
Il EXPERIMENT opened to ORNL for decommissioning.

A. Materials C. Synchrotron diffraction

B Small 84UIk forms of protactinium(Pa-231 isotopet, The high-pressure studies of protactinium metal were per-
=3.28x<10" yr) metal were obtained by the thermal reduc- o ey at room temperature using the two different DAC

tion of protactinium iodid&®3'and was prepared at the In- designs. The experiments were done at the ESRRBO

stitute for Transuranium Element$TU). Just prior to the  peamiing in an angular dispersive mode using synchrotron

loading of the DAC's for the subsequent diffraction studies, o iation of a selected monochromatic wavelengttainly.

the protactinium was annealed at 1200 °C under®1orr. 0.3738 A\. A microfocused beam of 2015 zm? full width,
Analyses of the material confirmed total impurities were 5¢ s maximum(FWHM) (two bent mirrors in conjunction

below 2000 ppmiatomic; major contaminants were 500 Ppm yith 4 30.um pinhole filte) was used. A 5—15-sec exposure

oxygen and nitrogen, 600 ppm silicon, artb00 ppm of (2 i machine modg was sufficient to obtain the desired

iron, titanium, and tungstenConventional x-ray analyses of diffraction data. A few data points for the high-pressure
the metal showed it existed in the bct structure at atmos

; . : o hase were also acquired using a shorter wavelength
spheric pressure, and its lattice parameters were within err%_zo215 A together with a collimated beam of 40

bars of the published literature valu&s3We used lattice X 40 .
parameters 0302.3'925(3) A andco=_3.238(4_1) A in c;al— Diffraction images were captured with a Bruker 6500
culatlng_the relative volumes shown in the different _f'gures'charge coupled devic&CCD) detector, and the diffraction
Small plepes(~_2 1y each were cut from the protactinium images processed using the ESRF2D prograrﬁﬁ to pro-
stock for insertion into each of the different DAC's used. jqe interplanar distances for structural calculations. The ex-
perimental data were then refined with Rietveld analysis us-
B. Diamond-anvil cells ing the FULLPROF program®’

Diamond-anvil cells are widely used for studying very
small quantities(multiple microgramys of materials under ll. RESULTS
high pressuresi.e., hundreds of GBaln our experiments,
both Syassen-Holzapfel-tybéo 60 GPa and Cornell-type
(Ruoff desigi* to 130 GPaDAC's were used. Liquid nitro- The initial structure of the protactinium used in the high-
gen was used as the initial pressure-transmitting medium ipressure studies was the body-centered-tetragonal form

A. Pa-l structure
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FIG. 1. Relative volumes for protactinium. The 0.8% change at FIG. 2. Variation of the lattice parameters with pressure for the
77 GPa for the Pa-I to Pa-Il transition is attributed to an increase ifPa-1 and Pa-II structures. The transition zone is assigned as being
5f-electron itinerancy. 72-82 GPa.

(space group4/mmm number 139reported for the metdf  addressed in a subsequent section, but we observed a greater
It is assigned here as the Pa-l structure. This form is theompressibility(i.e., a smaller bulk modulydor it than had
stable, STP phase of the metal. A potential high-temperatureeen reported®

form (Fm3m) has been reportédbut was not observed in The variation and progression with pressure of each of the
this work. The bct structure is unigue in comparison to othelattice parameters for the Pa-l phase are shown in Fig. 2.
f-element metals at atmospheric pressure, but is adopted [yhere is a smooth decrease with pressure in #ifeahd “ c”
selected lanthanide and actinide metals under higiparameters of the tetragonal Pa-1 structure up to the transfor-
pressuré; 3 presumably following the partial acquisition of mation point, where the¢” parameter then becomes the™
f-electron character in their bonding. parameter of Pa-ll, and thea" parameter converts to the

We found this Pa-I form to be stable up to(8¥ GPa, “b” and “c¢” parameters of the orthorhombic structure.
where it converts to an orthorhombic structure. This latterThese changes result in the formation of the lower symmetry
structure is assigned here as Pa-Il. The pressure behavior Ba-1l phase.
protactinium is shown in Fig. 1, where the relative volumes
(VIVy, whereV andV, are the atomic volumes under pres-
sure and at atmospheric pressure, respeciivalg plotted
against pressure. Thus under pressure the metal undergoes aAt ~77 GPa, experimental evidence for the Pa-Il struc-
single structural transitiofPa-I to Pa-I}, which is accompa- ture of protactinium was acquire@ee Fig. 2, and it was
nied by a smal(0.8% volume changé“collapse”). determined to be isostructural with that f@1U; specifically,

The relative volume of the Pa-I phase decreased smoothlgn orthorhombidspace grougCmcm number 63 structure.
from atmospheric pressure down to a volume ratio-@.7,  This Pa-Il structure remained the stable structure to 130 GPa.
before transforming to the Pa-Il phase. The bulk modulus foAt this pressure, the relative volume was 0.@62e atomic
protactinium is derived from the compression behavior ofvolume had changed from the initial value of 24.9%down
this Pa-I phase. The compression curve for Pa-Il, which igo 15.40 £).
less compressible than the Pa-l phase, then also proceededTheoretical calculatiorf§ have predicted a transition from
smoothly down to a relative volume 6f0.62 at 130 GPa. the bct phase to the orthorhombic phase at an atomic volume

The points in Fig. 1 were established from multiple ex-of slightly greater than 20 Aand at a pressure of 25 GPa.
perimental studies, which employed different experimentaFrom our experimental data, we place the start of the trans-
variables and the DAC designs. Data obtained under thedermation to the Pa-Il phase at an atomic volume~cf7.2
different conditions are combined in the figure, where it canA® and assign the transition zone from 17.24 72 GPa to
be seen they are in excellent agreement with one another. 16.4 A* at 82 GPa.

We are in agreement with the findings from the earlier Accompanying the structural transition was a small but
experimental study by Benediet al?® that the bct structure definitive volume “collapse.” Such a volume change is nor-
of protactinium is the stable structure up to at least 53 GPapally accepted as reflecting a change in the metals’
the highest pressure reached in that work. We determinebonding?~2 but the magnitude of the change for the Pa-I to
further that the Pa-l form is stable up t677 GPa, which Pa-ll transformation was smaller than expected. This col-
accounts for the fact that the Pa-1l phase was not observed iapse is much smaller than either of the two collap&%
the earlier study. We also noted an important difference irand 7% found with americium met&?~>*This ramification
the compressibilityi.e., reflection of the metal’s bulk modu- of protactinium’s behavior will be addressed further in a sub-
lus) of protactinium. The difference in bulk modulus will be sequent section.

B. Pa-ll structure
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TABLE I. Bulk moduli for the Th through Cf metals.
Element  Range of moduli reported, GPa References
2 Tho 50-72 1,2
_: pd 100-157 1, 2,25, 26
g P 118 this work
.? ue 100-152 1, 2, 38, 39, 42, 43
5 ue 104 40
= A Lt T[RRI RO IR RN PY AR BT ISP I I Np* 74-110 1,2
e o P 40-55 1,2
s Am-Cf? 38-50 1,2, 22-24, 54

8 9 10 11 12 13 14 15 16 17 18 19 20 21 -
4ncludes experimental and calculated values.

Degrees (26) ®No 5f electrons in bonding.

: _ _ “Itinerant 5 electrons.
FIG. 3. Rietveld fit of the orthorhombi¢space groupgCmcm) d ocalized 5 electrons.

Pa-ll phase at 129 GPa €0.3738 A), where the BragR value

=2%. (Experimental and calculated profiles, reflection tick marks, )
difference prof”e’ and M|||er indices are ShoWn. detel’mlned fOI’ the Pa'” structure at 110 GPa ape.
=2.609A, b=5.077 A, andc=4.771 A, where the free
" tomic position " is 0.118. At 129 GPa, the values ara:
The rather large transition zone shown for the Pa-l to® P ’
g —2584 A, b=5.046 A, andc=4.740 A, andy=0.119.

Pa-Il conversion, covering 10 GPa, may result from a more H he first ters for the hiah
gradual change in the relative energy of the structures, re- ese represent the first parameters for the high-pressure,

flected in part by the magnitude of the change. It may alsg & !l Phase of protactinium.
reflect a kinetically hindered transition, as it involves the
formation of the more complex, lower symmetry, Pa-Il struc-
ture. These factors and together with the data led us to assign IV. DISCUSSION
a =5-GPa error bar for the transition pressure. A. Volume and compressibility

Examination of the compressibility curves for the Pa-l ) _
and Pa-ll structuregsee Fig. 1 indicates a smaller com- _ From the compression behavior of Pa-l, values for the
pressibility for the orthorhombic structure, expected if addi-'S0theérmal bulk modulus and its pressure derivative for the
tional bonding had been acquired. The compressibility curvanétal were obta|?ed by fitting the experimental data to the
for the Pa-1l phase appears similar to that observed for isogirch-Mumaghafi” equation of state. The values obtained

tructural uranium, which is stable from atmospheric pressurd?r the Pa-I compression behavior in this work were 118
to at least 100 GPR23~“Extrapolation of the Pa-Il com- GPa for the modulusRg), and 3.4(0.2) for the derivative

pressibility curve(Fig. 1) back to atmospheric pressure gen- (Bo)- ] o

erates a hypothetical volume for the Pa-Il form, which is In the earlier study of protactinium up to 53 GPahe
smaller than the atmospheric pressure volume of the Palulk modulus and first derivative were reported as being 157
phase but larger than the atomic volume of uranium. That is(®) GPa and 1.50.5), respectively. This modulus is signifi-
bonding changes forced by high presstiferetained at at- cantly larger than found here. In contrast, theoretical calcu-

mospheric pressurewould provide only a slightly depressed 'ations have suggested a modulus of about 100 P4,
atomic volume. The moduli and first derivatives for selected actinide and

lanthanide metal€’ are shown in Table I. Values for the
_ modulus of thorium metal range from 50 to 72 GIB from
C. Rietveld analyses of data 2.5 t0 6.6, from 100 to 152 GPa for uranium meta from
The Rietveld analyses of the angle dispersive synchrotro2.8 to 6.3, and from 40 to 55 GPa for plutoniunBf from
x-ray data for protactinium metal under pressure were madé&0O to 16. The elastic and structural properties of uranium
using theruLLPROF program®’ Although it is frequently dif-  have also been calculated by total-energy theory, where bulk
ficult to perform Rietveld analyses on such very smallmoduli were given as 133 GPa from thedfyand 130(Ref.
samples, due to several factdmoor statistics, low intensi- 42) and 115 GPaRef. 43 from considerations of elastic
ties, incomplete “diffraction rings,” etg, the grain sizes and constants. Recent diffraction work on uranium n€talas
crystallinity of our materials were of sufficient quality to re-evaluated its pressure behavior and modulus, using pre-
produce perfect diffraction rings and therefore reproduciblecise experimental data acquired in synchrotron experiments.
intensities. Excellent Rietveld fits for the experimental andA value of 104(2) GPa for the modulus and 6(2) for the
calculated values were obtained for the new Pa-Il structur@ressure derivative were foufdlln comparison, moduli for
of protactinium metal, and one set of data for 129 GPa ighe americium through californium metals, and many of the
shown in Fig. 3. The agreement in the RietveldBtaggR  lanthanides with localizedf4electrons, are below 40 GPA.
value for the refinement is 2Pqprovides a high degree of It is recognized that some correlation exists between val-
confidence in the structural assignment. Lattice parametenses for the bulk modulus and its pressure derivative; the
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exact relationship being defined in the Birch-Murnaghancreased bonding. The compression behavior of these metals
equatiorf* The value of 1.50.5) (Ref. 25 reported previ- is determined by both their bulk modulus and pressure de-
ously for protactinium’s pressure derivative is anomalouslyrivative, so a comparison of moduli alone may be limiting in
low, whereas our value of 3.0.2) is in better accord with reflecting the compression curve and the degree of bonding
a\/erage Va|ues Of 4—-6 found for Such mei-aagt appears present. Atomic VOIUme@ee Sec. IV Dand interatomic dis-
that with the thorium through plutonium metals, high bulk tances may be.l:?etter ind_icators of the_lattgr. The occurrence
moduli are accompanied by low-pressure derivatives, andf Phase transitions during compression is a complicating
vice versa This was observed in comparing our protac- /actor in the compression behavior. L
tinium values with those previously report&d. The more dominant level of fselectron participation in

We believe that our modulus for protactinium metal is guranium’s electronic structurgnigh density off states at the

more realistic value. We shall not dwell on the specific as-FemMi levet?) is likely to be responsible for the stability of

pects for the differences in values reported previously for thdS Structure and the absence of phase transitions up to 100

modulus or its derivative, but note that nonhydrostatic ex-CPa- Its compression behavior is much “flatter” than for the

perimental conditionsi.e., the solidification of the transmit- SOfter, more compressible trivalent metals with localized
ting media, especially in the critical, lower pressure seg—eleCtrO”SA' Although it is not appropriate to calculate a
ments of the compression datan lead to significant errors. medulus for the Pa-Il phase from our data, the nature of its

In addition, angle dispersive x-ray data using higher intensi€ompression curvesee Fig. 1appears similar to that af-U

ties available at synchrotrons, together with a liquefied gasiRefs- 1, 2. 40, 4p and the Am-IV - orthorhombic
has€?~2**This is in accord with the fact that these three

pressure transmitting mediutwhich was used heyecan P . ) _
provide superior data with less scatter, smaller error bars arighases have either identical or closely related structures. Our

therefore more reliable moduli. We believe the differenceXPerimental bulk modulus of 118 GPa for the Pa-I phase is
between our experimental data and that reported earlidfasonable with that expected for a metal having some
dat#® arise mainly from the improved precision and accu->-€lectron itinerancy, which would produce a more rigid
racy of our data, the much larger number of experimental@ttice than found for a metal with only localized ®lec-
data points acquiredespecially in the early compression tr_ons. That is, the modulus of protactinium is S|gr!|f|cantly
stages and the more accurate pressure measurements. The!%'@her than would be expected for metals having only
improvements allow a very precise compression curve to beS:P:d bonding electrons, and which display more sym-
generated, which in turn yields more precise values. metrical structuresfcc for thorium, dhcp for Am-Cf These

A comparison can be made between the volume behaviof€tals have modul=72 GPa(see Table)land may display
of protactinium, uranium, and americium with pressure,Similar physical properties.
which permits one to arrive at some conclusions regarding
the materials having the same or closely related structure.
The relative volume of the Am-IV phase at 100 GPa is 0.46, In the Pa-I bct structure at atmospheric pressurecthe
whereas with the Pa-Il phase at 100 GPa, the relative volumeatio is 0.825, optimum from an energy standpoint and rela-
reaches 0.64. The relative volume afU at 100 GPa is tively close to a ratio of 0.816,@/3). Zachariaseél had
~0.7% but the particular value depends on which bulk suggested this Pa-l structure can be “derived” from a bcc
modulus and pressure derivative is considered. This reflecstructure by compressing one of the three fourfold axes, so
that overall protactinium metal is less compressed than anthat the axial ratio decrease from 1 to 0.825. In the “ideal”
ericium metal at 100 GPa. This is due largely to the com-case when the ratio is 0.816, each protactinium metal atom
pression behavior of the Am-I and Am-II fornghich have  would have ten equidistant neighbors. The Pa-I structure at
localized 5 electron$ before formation of the Am-IV phase. atmospheric pressure is therefore very “slightly distorted,”
Overall, the Pa-l phase is less compressible, as it initially has that there are eight neighbors at 3.213 A and two at 3.238
a “stiffer” lattice from 5f-electron itinerancy. A significant A (average-3.218 A). The next four near neighbors are at a
degree of compression in americium is encountered with itgreater distancé3.925 A). This slight “distortion” produces
“softer” Am-lI and Am-ll phases. The compression a more favorable energy state for the metal.
behaviot>38-4042and atomic volume of uranium suggest a  The variation of thea/a, andc/c, axial ratios for the Pa-|
more dominant level of 6-electron involvement in its bond- with pressure is shown in Fig. 4, where there is a “re-
ing and a rigid structure. The-U structure is accepted as stricted” movement of the atoms along tha™axis as com-
providing a fingerprint forf-electron involvement in bond- pared to the t” axis (thec/c, ratio decreases more rapidly
ing. than thea/a, ratio). The change in the/a ratios for Pa-I

A general correlation between bulk mod(tompressibil-  with pressure is shown in Fig. 5, which shows a diminishing
ity), atomic volumes, and cohesive energies of the metals/a ratio, especially in the 45—65-GPa region. Ttia ratio
with bonding would seem appropriate. However, a correlareaches a value 6f0.816 near 65 GPa, and is retained when
tion with cohesive energies for thieelectron elements is entering the Pa-l to Pa-ll transition zone. Thus pressure
complicated by differences that exist in the electronic enereventually forces changes in protactinium’s atomic positions
gies of the solids and free atorffsin general, correlations and leads to an arrangement of each atom having ten equi-
with these properties would reflect the degree of interatomiclistant neighbors in achieving a lower energy state.
interaction(bonding present. It should be more difficult to Eventually, pressure forces parameters of the Pa-l struc-
compress a dense, rigid structure that would arise from inture to convert to those of the Pa-ll structure. The Pa-lI

B. Nature of the Pa-l and Pa-Il structures
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FIG. 6. The effect of pressure on théa, c/a, andb/c ratios of

FIG. 4. Variation of thea/a, andc/c, ratios with pressure for
the Pa-Il structure.

the Pa-l structure.

orthorhombic structure has four atoms per unit delt  3.483 Al(lattice parameters for Pa-Il are given in Sec. I)I C
equivalent position$0, y, 3)]. The 12 atoms are at the verti- It has ac/a ratio of 1.829 at 110 GPa. For comparison, the
ces of a polyhedron, which represents a distorted type afostructurala-U form at atmospheric pressure has the pa-
hexagonal close packed structure. rameters:  a,=2.8537 A, bo=5.8695 A, and

Variations in the three lattice parameters of the Pa-lic,=4.9548 A*® These give @/a ratio of 1.736. The nearest
structure with pressure are shown in Fig. 2. The three paranmreighbors in uranium at atmospheric pressure are: two at
eters of Pa-Il decrease more slowly with pressure than thos2753 A, two at 2.854 A, four at 3.263 A, and four at 3.343
of the Pa-I form, which reflects the lower compressibility of A.
the Pa-Il phase. The decrease in individual parameters of the Of interest here is the Pa-Il form’s behavior relative to
Pa-Il phase with pressure appears very similar, and gives righat of the isostructurak-U phase, regarding changes in the
to essentially parallel curves for the three parameters, whet/a, b/a, andb/c ratios and the positional parametey”*
they are plotted as a function of pressure. Hiey, b/bg, with pressure. The/a ratio for the Pa-ll structur¢see Fig.
andc/c, axial ratios(not shown as a function of pressure all 6) with pressure is nearly constait1.82, with a slightly
show a comparable decrease with pressure. Gflae c/a, detectable rise with pressure in the 77—130 GPa nafide
andb/c ratios for the Pa-Il form(see Fig. 6 are also quite b/a and theb/c ratios for Pa-Il are also essentially constant
similar to one another, showing only a small or negligiblewith pressure. The/a ratio for «-U between atmospheric
decrease with pressure. pressure and-100 GPa was reported to increase from 1.75

In the case of Pa-ll, the near neighbors at 110 GPa ardo 1.82(1.82 at a relative volume of 0.70, which occurs at
two at 2.609 A: two at 2.269 A: four at 2.854 A: and four at ~100 GPa* Newer work on uranium from synchrotron
studieé® shows in greater detail a similar rise with pressure
1 . ; i i : for the c/a ratio, a nearly constarii/a ratio and a slightly
y decreasingp/c ratio with pressure. Thi/a ratio for uranium
0824 ? 59’:5§§§!9!§!, : is ~6% higher and thé/c ratio about 4% higher than those

¢ ii L '!59 for the Pa-Il phase at 100 GPa.

0822 7 . % : r Only a small difference is observed between éhe and
oso | the Pa-Il structures in their positiongkoordinate. Ine-U at
¢ atmospheric pressurg,is 0.1025! and it appears to vary

34 I less than a few percent up to 100 G4’ They parameter

“}{n for the Pa-Il phase was determined as 0(11&t 110 GPa,
0816 - {,{N *F} L and it did not vary significantly with pressufat 129 GPa, it
was 0.119, in accord with the behavior of uranium. A slight
0814 - + § difference in actual value is observed between Pa-Il @t
(0.118 versus 0.1025 at 100 GP@&he axial ratios and thg
value of uranium are also addressed from calculational con-
siderations of uranium, which are compared to experimental
data?04?

FIG. 5. Variation of thec/a ratio with pressure for the Pa-| The behavior and variation of these different values likely
structure. At a ratio of 0.816, each metal atom has ten equidistarontribute to the stability of this particular structure at high
neighbors, as compared with two distances at atmospheric pressupgessure. Finally, the compressibility of the Pa-1l phase and
(8 at 3.213 A and 2 at 3.238)A a-U phase is similaf® in line with the fact they are isostruc-

0.826

0.818 4

¢/a Axis Ratio

0812 +————+T T T T T
0 10 20 30 40 50 60 70 80

Pressure (GPa)
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FIG. 8. Calculated stability of different protactinium structures
as a function of atomic volumdAdapted from Ref. 26 Experi-
mentally, the Pa-l to Pa-Il transformation occurred 77 GRa¢gher
than the proposed 25 GRand at a volume of 17 &

without 5f character would prevail at these very small
atomic volumeg® and thus produce a hexagonal structure, as
FIG. 7. Structural sketches of the Pa-l and Pénigh-pressure  these orbitals in protactinium would offer a lower energy
phases of protactiniurfieft side is for Pa-I; right side is for Pajyll ~ State. Thus the nature of the bonding is expected to change
significantly with volume, as electrostatic interactions and

tural phases. In contrast, the Pa-l phase is less “rigid” and€lative energy levels are altered, with the net effect deter-
S||ght|y more Compressib|e than the Pa-ll phase_ mining which StrUCturGS) are the most stable at a given pres-
sure.

The energy of Pa-[bct) in Fig. 8 is represented by the
straight line at zero relative energy, and structures located
The two protactinium structurg®a-l and Pa-)l encoun-  below this line(negative valueéswould be more stable. This
tered in this study are depicted in Fig. 7, which can aid inplot suggests that the Pa-| structure is the most stable under

perceiving the transformation process. The Pa-l bct structurpressure until an atomic volume 620 A reached, after
can be described as stacking of hexagonal-close-packed layhich thea-U structure would have a lower energy. The plot
ers, with the second lying on the first, so that each atonsuggests further that additional pressure would generate the
touches two rather than three in the first layer. With distor-hexagonal form, but with a potential for a re-appearance of a
tion, which can occur by the sliding/buckling of planes in thebct structure as an intermediate phase. The volume at which
lattice under pressure, the lower-symmetry, orthorhombidche hexagonal phase is predicted to occur is much smaller
Pa-Il form is obtained. Additional shifting of planes with than the 15.4 Areached by us at 130 GPa, and this is con-
respect to one another could generate the proposed hexagostent with the fact that we did not observe another
nal structure, predicted to occur at ultrahigh presstftés. transition—the Pa-Il structure remained the stable phase to
the same vein, the Am-IV structut@nma is derived readily  the highest pressure studied. We have made an extrapolation
from the a-U structure by a small buckling of certain to estimate the pressures needed to reach a volum&dt®
planes® Thus there is considerable commonality for the Pa{see Fig. 8 and have concluded that at least several hundred
Il, U, and Am-1V structures. Both the Pa-1 to Pa-ll changeGPa would be needed. Such pressures are difficult to reach,
and the transition to Am-lll and Am-IV phases in and not readily attainable with present day DAC technology.
americiunt?~?* are attributed to alternations in the metallic ~ With reference to Fig. 8, overall we observed the appear-
bonding that occur with pressure. The involvement of thie 5 ance of the Pa-Il structure at a higher presgidieversus 25
electrons in the bondingvhich already exists at atmospheric GPg and at smaller atomic volum@7 A% than predicted,
pressure in protactiniumgives rise to the less-symmetrical suggesting the energy difference between the Pa-1 and Pa-II
structures observed. structures is larger, or changed more slowly with pressure,
Using a calculational approach; &alind and Erikssofi  than calculated. The considerable difference noted between
predicted a series of phase transitions for protactinium undehe transition pressures determined by experiment and calcu-
pressure, which are shown in Fig. 8. The approach of thesktions may have arisen from the modulus used for the Pa-I
authors was to employ thermodynamic Gibbs free energieghase’s compressibility.
for evaluating different potential structures of protactinium at  Another important point shown in Fig. 8 is that two hex-
absolute zero, to predict which structure would be stable aagonal structures with different/a axial ratios can have
different atomic volumes. It was suggested thatdbonding  different stabilities. One structure has the “ideal’a ratio

C. Structure and bonding in protactinium
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40 heating (plutonium or applying pressurdamericium and
protactinium).
% The degree and nature of &f delocalization processes
has not been quantified for the actinides and the topic for the
extensively studiedtheoretically and experimenta)lycase
of plutonium is of considerable current deb&te®! It has
been suggested that the volume change in plutonium with
temperature reflects different degrees of localization and
bonding of its F-electron state$ and that the localization of
its 5f states is crucial for describing the important
s-plutonium phase. Sterlind® has discussed some aspects
of the 5f-electron count in the different protactinium struc-
tures. We make no attempt to quantify or describe the pro-
cesses occurring in protactinium under pressure, but clearly
Ac Th Pa U Np PuAmCmBk Cf they involve some aspect off electron change with pres-
Element sure. It is also clear that in the actinide series, phase stability
is driven by the role of 5 electrons.

FIG. 9. Atomic volumes at one atmosphefiPotted line repre- It is also relevant to point out that thorium metalbic,
sents volumes when thef ®lectrons are not itinerant. Arrows rep- [Rn cord d?s? configuration under high pressure has been
resent “altered” volumes for bonding changes due to preséRee  reported to acquire electrons in its bonding, as its unfilled
and Am and heatingPu.] 5f levels become occupied as their relative energy levels

change with pressure. With such an acquisition, thorium at

(often found in hexagonal structujesvhile the “optimum” very high pressure$~100 GPa adopts a bct structurs.
form (from the energy standpoinis generated by distortion. Similarly, cerium, neodymium, and praseodymium also ac-
This demonstrates how distortion, brought about by pressurey ive a bet structure under hig'h pressuteThese findings
can lower a system's energy, and alter facets of the CryStgre consistent with the concept that acquisition &f &r

structure. A form of “distortion” was obs:erved in the 5f-electron character into the metallic bonding, or the filling
changes Of_ the Pa-l structure under press(fég 5), where of empty 5 -electron levels in the case of thoriuie., aris-
ghgl%/a ratio for the stable form changed from 0.825 to ing from promotion of thorium’s bondingdelectrons to the
e 5f band?), can lead to these lower symmetry structures.
) . Theoretical discussions of the behavior of praseodyrfium
D. Atomic volumes and bonding and thorium* under pressure have been given.

The change in electronic behavior and bonding at atmo-
sphgric pressure across the act?nide se_ries results in very d_ra- V. CONCLUDING REMARKS
matic anomalies. One of these is seen in a plot of the atomic
volumes of the actinidesee Fig. 9, where a type of “well” The objective of our experimental study of protactinium
is formed by the smaller volumes exhibited by the Pa-Puwas to determine if pressure would alter thedéectron con-
metals at one atmosphere. The element following plutoniumtribution to the metal’'s bonding and bring about a structural
americium, displays a50% larger atomic volume than plu- transformation. Obtaining high quality synchrotron diffrac-
tonium, as a result of the change to fully localizefl élec-  tion data up to 130 GPa permitted us to achieve this goal and
trons. Thus protactinium is the first actinide to have itinerantwe observed an important structural transition a5y GPa,
5f electrons, and americium the first with fully localizefl 5 which had not been observed previously. The Pa-l to the
electrons. For these reasons there is a special interest in tR&-1l transformation was found at a considerably higher pres-
high-pressure behaviors of both americium and protactiniumsure than the calculated value of 25 GPa, and it occurred at

We have incorporated certain aspects of the volumes asmaller atomic volumé17.4 versus~20 A%). These differ-
sociated with changes for americium and protactinium undeences imply a greater resistance to transformation than pre-
pressure. The arrows in Fig. 9 associated with protactiniumdicted, possibility due to kinetics and/or the influence of tem-
plutonium, and americium represent the effect of addingoerature, as the calculations have been made for absolute
(americium and protactiniumor removing (plutonium zero.
5f-electron participation in the bonding. The arrow at pluto- From our experiments, we established a lower bulk modu-
nium points to the volume of the gamma phéparameters lus for protactinium of 118) GPa. This value will remove
corrected to 25 °GRef. 47], acquired by heating its alpha deviations encountered in actinide systematics encountered
form. The pseudovolumes for americium and protactinium inwith previously measuredl57 GPa and calculated values
the figure were obtained by simple extrapolations of the(~100 GPa
pressure-volume curves for these high-pressure phases backWe propose that pressure on protactinium forced a small,
to one atmosphere, if the additional contribution to bondingincrease in the -electron content of its band structure, ac-
under pressure would be retained after the pressure was rguired in conjunction with transformation to the Pa-Il struc-
leased. The different volumes projected by the arréfiig.  ture. On the basis of theof§,the Pa-l to Pa-ll transition
9) then represent values expected for bonding changes fromepresents a transition «fpd states to 5 states. Indeed,
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“sp—d” promotions alone are not accompanied by abrupthavior of protactinium is of particular interest, as it is the
volume changes, or the generation of lower symmetry strucfirst of the four actinides having some degree 6fddectron
tures, as found for the Pa-Il phase. itinerancy at atmospheric pressure. Our experimental pres-
The surprisingly smallonly 0.8%9 accompanying “vol-  sure limit of 130 GPa prevented us from reaching even
ume collapse” at the Pa-I to Pa-Il transformation suggests @maller atomic volumes, where new bonding facets are ex-
small additional influx of $-electron character into protac- pected to produce more symmetrical structures.
tinium’s bonding under pressure. An extrapolation of the \ye pelieve our experimental results will allow an im-
Pa-Il compression curve back to atmospheric pressure indjroved understanding not only of the bonding and electronic
cates a larger pseudoatomic volume would exist for it tharhatyre of protactinium, but also for generating important sys-
for alpha uranium, signifying only a small acquisition of ad- tematics concerning the actinides. These interesting experi-
ditional 5f-electron content in the Pa-Il form under pressure.mental data should also allow a platform from which to

In contrast, the incorporation offSelectron character into evaluate and fine tune theoretical predictions and/or under-
americium’s bonding occurs at lower pressures and produceganding of these metals.

an overall larger(9%) volume change, and represents a
change from fully localized to itinerantf5states.
The compression behavior of the Pa-Il phase between 77
and 130 GPa appears quite similar to that of betiu ACKNOWLEDGMENTS
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