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High-pressure studies of americium metal: Insights into its position in the actinide series
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Americium metal occupies a pivotal position in the actinide series, displaying locdligledtron bonding
while the four preceding members are recognized for their itindraletctron behavior. Important insights into
the nature of americium'selectrons with regard to metallic bonding and the relationship to that iry floem
of plutonium have been acquired through studies of americium up to 100 GPa. Synchrotron radiation and other
experimental advances were used to obtain data of high quality and resolution to resolve fully the high-pressure
crystal structures of americium metal. We have resolved controversial findings reported earlier for americium
in the 10-30 GPa region, and also addressed the significant differences that exist between the reported
theoretical and experimental volume collapses. In this work we found that the normal pressure double hex-
agonal close packed®6;/mmg structure transforms at 6.1 GPa to a face centered ckii3M) phase. At
10.0 GPa, the latter converts to a face centered orthorhorkioidd) structure, which with additional pressure
undergoes a further transformation to form a primitive orthorhombic strucRinen@ at 16 GPa. Thénma
structure is stable up to at least 100 GPa, the maximum pressure reported here. By identifying correctly the
structural forms of the Am Ill and IV phases, the mechanisms for sequential conversion of the structures with
pressure have been established. A critical aspect of these data is that the Am Il phase is now believed to reflect
the first involvement of americium'selectrons in the metallic bonding; additional involvement occurs in the
Am IV phase. This work provides important insights for understanding the pivotal position of americium in the
actinide series and should bring about the convergence of experimental and theoretical views regarding its
pressure behavior.
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[. INTRODUCTION Over the past few decades there have been several studies
of lanthanide metals designed to pursue the above question,
In recent years there has been an increased interest in th@d investigations continue. The reader is referred to
effect of high pressure on materials. Geologists have probeeviews in this regard, and to a recent study of cerium
the behavior of materials under pressure and/or temperaturaetal® There is strong evidence that thd 4lectrons of
for learning the physicochemistry of materials near the centesome early lanthanide metals do indeed delocalize under
of the earth. There has been a continued advancement apdessure and the metals then adopt low-symmetry structures,
interest in studies involving the lanthanide and actirfite ~ exhibited by the early actinide metals having itinerarit 5
two f electron serigsmetals under pressure. The advance-electrons. There have been significant disagreements about
ment has been due to the development of different designs dfie high-pressure structures formed. It is clear that the pres-
diamond anvil pressure ce{DAC), detectors, use of syn- sure required for delocalizing thef4electrons rapidly in-
chrotron radiation, and, in the case of the actinides, authoricreases across the series, and in the region of neodymium or
zation to perform studies at synchrotron sites with elementsamarium 100 GPa or more is required. This delocalization
more radioactive than thorium or natural uranium. With aphenomenon has not been reported for members in the sec-
modern DAC, it is possible to reach pressures of 100 GPand half of the 4 series. In contrast, the spatial extension of
routinely, and pressures of 500 GPa or higher are achievablthe 5f electrons permits the delocalization and/or hybridiza-
At such pressures, materials are reduced to fractions of theiion process to occur at lower pressures with transplutonium
original volumes. With this reduction in interatomic dis- metals, even though they contain an even higher number of
tances, significant changes in bonding and structure as wedllectrons. For example, this process has been reported for
as other properties take place. Given this potential, there haglifornium metal, but not for dysprosium mefal.
been significant scientific interest in investigating pressure- The physicochemical properties of the actinide metals at
induced changes in the chemistry and physics of the ftwo normal pressure vary widely across the series, due largely to
series of elements. A central point of interest in this regard ishe changing nature of thefb5electrons. In principle, the
whether pressure can force delocalizationf alectrons in  filling of 5f orbitals begins after thorium. It is generally
metals where they are normally not involved in the metallicaccepted that the f5electrons are involved to varying de-
bonding. grees in the bondingtinerant 5 electron$ for protactinium,
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uranium, neptunium, and plutonium. These four elementsagonal P65;/mmc and the cubicFm3m phases, in accord
display quite different properties from the transplutonium el-with the structures reported in earlier work, but an important
ements that have localizedf ®lectrons. Itinerant 6 elec-  finding was that the Am Ill and Am IV structures previously
trons arise due to their more extended wave functions thafeported were incorrect. We have now assigned structures for
those of the 4 electrons, and the comparable energies ofthe Am Ill and Am IV phases, that provide additional under-
hybrid states relative to other electronic levels withbetiar- ~ standing of the behavior of americium metal under pressure,
acter. With increasing nuclear charge the extension and er@s well as allowing a viable mechanistic picture for the struc-
ergies of these 6 levels and/or hybridized states change.tural progression under pressure. A very important finding
The 5f electrons of americium, the element following pluto- Was that under pressure americium adopts a known structural
nium, are now nonbondin@oca"zed at normal pressure, as form of plutonium, its near neighbor in the series, considered
are the 5 electrons for the remaining elements of this seriesto have itinerant b electrons. From our data we have also
In this sense americium occupies a pivotal position in the 5 established transition pressures for the different structural
series. forms and a more reasonable bulk modulus for Am. Major
Given this pivotal position of americium, its behavior un- factors in obtaining these findings are the experimental ad-
der pressure becomes especially interesting. Americium digzances employed in the work, which includes the use of
plays significant structural differences at atmospheric pressynchrotron radiation. Given the lower symmetry of the
sure both from its near neighbor plutonium and from itsStructures encountered, especially at higher pressures, it is
lanthanide homolog europium. Its localizéalectron state imperative that data of the highest quality be used in deter-
and nonmagnetic & (J=0) configuration, which lead to Mining the behavior of americium.
Superconducting properties at low temperatdreeﬂect a The data obtained permitted us to resolve the preViOUS
changing internal pressure for this element. controversy concerning the Am Ill and Am IV structures,
Several structural studies of americium have been pervhile confirming that pressure forces thé ®lectrons of
formed previously at lower pressufe¥than obtained in the a@mericium to become itinerant. It was important to determine
present work. Results from previous workers and this workhe correct structures obtained under pressure, and to acquire
are in agreement that the double hexagonal close packedfcurate relative volume data, to understand correctly the
phase(dhcp, Am | phaseP6;/mmc space grouptrans- ~ changes occurring with pressure. The insights obtained from
forms at a low pressure to a face centered cubic pkfase these studies permifl) interpretation and correct under-
Am |l phase;Fm3m space group The latter phase is also Standing of the behavior of americium under preSS(.Q)Ea
obtained when the dhcp phase of americium is heated abow@mparison of americium’s structure/bonding behavior with
650 °C1® Differences are noted between previous structurafhat of its near neighbor plutonium; ari@) establishment of
assignments at increased pressures, especially for the Am ffiends expected in future studies of transamericium metals
phaset* The Am IV structure has been assigned to be arfhd alloys under pressure.
a-uranium, orthorhombic structure, first by Raoetfal** and These results also address differences noted between ex-
then by Benedicet al!* Both groups reported that delocal- Periment and theory, especially regarding the magnitude of
ization of the & electrons of americium occurs in conjunc- the volume collapses in americium. These data should now
tion with the appearance of the Am IV phase. permit the convergence of experimental and theoretical con-

There has also been one study to measure the resistivity §€PtS for the pressure behavior of americium. Reported here
americium metal under pressure up to 25 GPBhis experi- are_the re_sults of our expenr_nental studies on americium and
mental approach added another dimension in seeking an u-discussion of the implications of the changes in structure
derstanding of the pressure behavior of americium and it§nd atomic volumes observed following the application of
underlying causes. The main finding in this work was thatPressure. A short account of this work has recently been
the superconducting, of americium became elevated under Published elsewheré.
pressure but the work provided additional evidence to sup-
port the onset of & delocalization due to the application of Il. EXPERIMENT
pressure.

The intent of the present study was to examine the behav-
ior of americium under pressure using both synchrotron Foils of americium metal were prepared by vapor deposi-
(angle dispersive mod@nd conventional x-rayenergy dis-  tion following the reduction of americium dioxide by lantha-
persive modgradiation sources in order to acquire the bestnum metal. The?**Am isotope €,,,=7x 10° years; specific
possible data for resolving its pressure behavior. It is beheat generated by the radioactive dee@y<10 > W/qg)
lieved that this is the first time that americium has beerwas employed in these studies. Mass spectrographic analysis
studied under pressure using synchrotron radiation. The exndicated a high purity99.94% based on metal ion content
ceptional brilliance afforded by the European Synchrotrorand x-ray analysis showed that the metal exhibited the
Radiation Facility, a third generation machine, allowed us tadouble hexagonal close packed structura,=3.467
work with only a few micrograms of americium in each +0.004 A, c,=11.240+0.008 A), in excellent accord
DAC. The companion studies using an energy dispersivevith the accepted literature values for'$t.Small pieces
mode allowed additional details of the behavior of ameri-(5—10ug each of this foil were cut in a helium atmosphere
cium to be obtained. glove box for placing into the different diamond anvil cells

In the present structural study, we also observed the hexused in the studies.

A. Materials
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B. Diamond anvil cells sample to detector distance, ¢tin a short time frame. The
§iiffraction images were then processed using D
|program2,3 which produced the diffraction results used for
data analysis.

The high-pressure studies of americium were performe
at room temperature using two different diamond anvil cel
designs. One was of the Syassen-Holzapfel defliewer-
type desighcapable of routinely reaching up to 60 GPa. The
second was the Cornell-type ce(Ruoff design. The Il. RESULTS
Syassen-Holzapfel cell is best suited for small pressure steps,
while the Cornell cells are designed for megabar pressures.

The Syassen-Holzapfel cell was used both in the energy The initial structure of the americium used in the high-
dispersive mode with tungsten radiation produced via a conpressure  studies was the normal dhcp form
ventional x-ray generator and in the angle dispersive modéP6;/mmgAm I) that has been reported as the stable am-
with synchrotron radiation. In this cell, the diamonds had abient temperature/pressure phase. This dhcp form is isostruc-
400 um flat and the Inconel gasket had a nominal 206h  tural with several of the early lanthanide metals through
hole for the sample. Two Bragg anglg®minal 5° and 7°)  neodymiunt' Although the actinide metals display smaller
were employed in the energy dispersive measurements. THattice parameters than the lanthanide metals, the transpluto-
method has been described in the literafdr&éhe Cornell-  nium metals through californium and most of the lanthanide
type cells used diamonds with a 95-120m flat and a metals(except europium and ytterbiynare considered as
T-301 steel gasket with a 40—7@m diameter hole for the being trivalent metals having localizédlectrons.
sample. The Cornell cells were used only in the angle dis- With the application of pressure, the dhcp form of ameri-
persive mode with synchrotron radiation. cium converts to a fcc structuré=t3m; Am Il) at 6.1

The pressure transmitting medium in the cells was eithet=0.2 GPa. The lattice parameter at 6.5 GPa ds
nitrogen or silicone oil. Pressure markers were either ruby=4.613 A. This fcc phase is identical to the high-
(ruby fluorescence technigtfe or platinum metal using its temperature phase that has been observed for americium
equation of staté! For the synchrotron studies, the cells metal above 650°C. Benedigt al'* reported this dhcp
were prepared at Oak Ridge National Laboratt@RNL)  —fcc transition to occur at 9.5 GPa, a higher pressure than
and shipped to the European Synchrotron Radiation Facilitpbserved in this work. A third high-temperature phase, be-
(ESRB at Grenoble, France. Using in-house developed techlieved to be a body centered cubic phase but not confirmed
niques, the closed celi§ew kbar pressupefree of any ra- by x-ray analysi$’ has not been observed as a pressure
dioactive contamination were double sealed and placed iphase.
special holders for use at the ESRF synchrotron. For addi- Combined results from both angle and energy dispersive
tional confinement, beryllium foils and plastic films mode studies in the form of interplanar distances versus pres-
(Melinex® and/or Kaptofi) were used. These plastic films sure are plotted in Fig. up to 15 GPaand Fig. 2(10 to 65
were selected based on their transparency to x rays and tl@Pg. Four distinct phases were observed in the work and
laser wavelength used for the ruby fluorescence techniqughese are shown as dh¢am 1), fcc (Am 1), Am 1lI, and
After the studies at the ESRF, the sealed cells were returnetim IV in Fig. 1 and Fig. 2.
to ORNL for unloading. The emptied cells were found to be
free of radioactive contamination and were reused for other
experiments.

Studies involving the energy dispersive technique were With additional pressure, we observed that the fcc Am I
performed at the European Institute for Transuranium Elephase transformed to the Am Il phase at 1002 GPa,
ments(ITU) in Germany. In this work, americium was trans- which was retained up to ¥61 GPa. In the work of Bene-
ported from ORNL to ITU. The DAC’s were loaded and dict et al'* the Am IIl phase is reported to start at 13.5 GPa
studied in nitrogen atmosphere glove boxes at ITU. and was retained up to 23 GPa. It is the structure of this
phase that has been controversial in past studies of ameri-
cium under pressure?~**Knowledge of the exact structure
of the Am Il phase is critical in order to understand cor-

Several different experimental parameters were used irectly its behavior under pressure.
the diffraction work at the ESRF synchrotrdiveamline The Am Ill phase has been assigned previously as a
ID30). A typical arrangement for the Syassen-Holzapfel cellmonoclinic structuré®*® a triple hexagonal closed packed
was to use a 100100 wm? monochromatic collimated structure’ and a distorted, face centered cubic structfire.
beam in the 32-bunch machine mod®0 mA) with an ex-  The highest pressure obtained with Am prior to our w@&R
posure time of~1 min. For the Cornell cells, a microfo- GPg was reported by Benediet al,'* while other efforts
cused beam of 2825 um? (two bent mirrors in conjunc- were limited to 20 GPa. Benedieit al!* argued that the
tion with a 30 um pinhole filte) was used. A 15 s exposure monoclinic indexing reported in Refs. 12 and 13 was incor-
was sufficient(2/3 fill machine mode, 200 mAto obtain  rect, and would require an expansion of the volume with
excellent diffraction data. Diffraction images were capturedpressure. The assignment of a trigonal distoffiqdistorted
with a Fastscan image plate deteéfomnd the images fcc) of the cubic Am Il phase removed this contradiction and
viewed within seconds. This permitted making a number ofprovided a 6% volume collapse when the Am Ill phase con-
diffraction images under different parametdvgavelength, verted to a proposed-uranium Am IV phase. Theoretical

A. Am | and Il structures

B. Am Il structure

C. Synchrotron diffraction
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In our study, extensive efforts were made to determine
correctly the structure of this Am Il phase. Nine diffraction
spectra were collected at different pressures and multiple in-
dexing programsTrREOR?°picvoL91,* and imo,% were em-
ployed to extract the structure type. Initial attempts sug-
gested a monoclinic symmetfg.g.,12/m, C2/m, etc) but it
was not possible to assign unequivocally all the diffraction
peaks observed for the americium Il phase. Deviations were
especially notable at the higher diffraction angles for the
I2/m assignment and Rietveld refinements with B2/m
space group indicated an unsatisfactory correlation with in-
tensities at lower diffraction angles.

Given the quality and reproducibility of our diffraction
data collected from multiple samples of Am and different
DAC's, we were finally successful at arriving at the correct
assignment of the structure of the Am Il phase. We have
determined that the structure has an unexpectedly high sym-
metry with a face centered orthorhombic c&dpace group
Fddd, Am on the & sites, all position parameters fixed by
symmetry. The lattice parameters at 10.9 GPa ae
=10.115,b=5.670, andcc=3.116 A (—b/c~\3, i.e., the
structure consists of slightly distorted close packed hexago-
nal planes; this is discussed in detail in a later segtiGur
{indings for the Am Il phase do not agree with the previous
structural assignmenits**or pressure range for this Am IlI
phase. A trigonal distorted Am Il pha¥ewas reported to
exist between 13.5 and 23 GPa, while R8df suggested

calculationé®>?8 at that time suggested a volume collapse ofthat a monoclinic Am Il phase started at 10 GPa. We ob-
22%. Subsequent estimations suggest that a collapse of 3486rved the orthorhombi€ddd structure between 10 and 16
(Ref. 27 or 25% (Ref. 28 would be observed. A significant GPa.

difference exists between these earlier experimental findings

and the theoretical expectations.
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C. Am |V structure

In our work the Am IV phase was observed to form at
161 GPa and was retained up to 100 GPa, the highest
pressure for which we report data. Close examination of our
data suggested evidence for the beginning of the Am IV
phase already at 13 GPa=10% Am IV) and that Am IV
was the exclusive phase by 17.5 GPa. We also observed a
gradual separation of the first three diffraction lines for this
structure with pressure, and a definite separation was noted at
60 GPa. Roogt all!first reported the appearance of the Am
IV phase at 15.20.2 GPa and assigned it as being an
a-uranium structuréorthorhombig, while Benedictet al'*
found that the phase formed at 23 GPa and reported it was
stable up to 52 GPa.

Using Rietveld refinementsee below we were able to
assign this Am IV structure as being primitive orthorhombic
(space groupPnma Am on 4c sites with x=0.403, y
=1/4, z=0.101 at 17.6 GPa, anad=0.406, y=1/4, z
=0.118 at 89 GPain contrast to the base centered ortho-
rhombic a-uranium structuréspace grougcmcm U on 4c
sites withx=0,y=0.102,z=1/4). The lattice parameters for
the Am IV structure ar@=5.093,b=4.679,c=3.028 A at
17.6 GPa anéh=4.607,b=4.288,c=2.737 A at 89 GPa.

This structure for Am IV is closely related to the
a-uranium structure. If the atomic position parameteof

pressure phases of americium as a function of pressure from 10 thie 4c sites of thePnma structure is placed at zero, one
65 GPa.(Miller indices hkl are indicated for the phasgs.

obtains the higher-symmetrg-uranium structure with the
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phase at 1.2 GPa\(=0.3738 A, pressure transmitting medium ni- FIG. 5. Rietveld fit of the orthorhombi¢space groug-ddd)

trogen showing the observe@rossesand calculatedline) diffrac- Am |l phase at 10.9 GPa\=0.2022 A, pressure transmitting

tion patterns, reflection tick marks, Miller indices of the principal medium nitrogeh showing the observe¢crosses and calculated

reflections, and difference profiléPt pressure calibrant uséd. (line) diffraction patterns, reflection tick marks, Miller indices of
the principal reflections, and difference profile.

base centered orthorhombic unit c@hly the definition for
the three lattice parameters is differe'we have found that phases are especially important in this regard, as the first two
the fit of the data is better with titnmastructure type and phases were already well established. Figures 5-7 show very

propose this as the correct identification of the Am IV phasegood agreement between the experimental and calculated
data points. The BragR values of the Rietveld refinements

shown are 7.2% for Am Il at 10.9 GPa, 8.3% for Am IV at
17.6 GPa, and 4.9% for Am IV at 89 GPa.
The Rietveld analyses of the angle dispersive synchrotron

D. Rietveld analyses of data

; 32,33 ¢
dat_a were made USiNgULLPROF and GSAS It is often IV. DISCUSSION
difficult to make a Rietveld analysis for very small samples,
since bad grain statistics lead to unrepresentative intensities A. Volume and bulk modulus

of the integrated diffraction lines. However, the grain size of |, Fig. 8 the relative volumes\(V,, whereV, is the

our polycrystalline Am samples was small enough t0 proy,q\yme at normal pressurare plotted against pressure. The
duce perfect diffraction rings and reproducible intensities Ofchanges occurring when changing from one pressure to an-
the iintegrated patterns. It was only necessary to take intg,qorfor the different phases are evident in the figure. Two
account the potential for preferred orientation. The R'etveldabrupt changes in volume can be observed: one small one

fits are shown in Figs. 3—7 for the observed phases of aM_704) at the Am Il to Am Il transition and a larger change
ericium, where Figs. 6 and 7 represent two pressures for th _79%) at the Am IIl to Am IV transition. These distinct
Am IV phase. The refinements for the Am Il and Am IV
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FIG. 4. Rietveld fit of the fcdspace grourm3m) Am Il phase FIG. 6. Rietveld fit of the orthorhombi¢space groufPnma

at 6.5 GPax=0.3738 A, pressure transmitting medium nitrogen Am IV phase at 17.6 GPax(=0.3066 A, pressure transmitting
showing the observe@rossesand calculatedline) diffraction pat-  medium: nitrogejp showing the observettrosseys and calculated
terns, reflection tick marks, Miller indices of the principal reflec- (line) diffraction patterns, reflection tick marks, Miller indices of
tions, and difference profile. the principal reflections, and difference profile.
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= =3.5+0.2. These moduli are consistent with values reported
3 for the light lanthanide metafsThe modulus reported by
Benedictet al. for americium metal is 45 GP4,appreciably
higher and close to the value of 43 GPa reported for
a-plutonium®® The modulus for plutonium with itinerarft
electrons would be expected to be higher than that for am-
ericium metal with three nonf5conduction electrons. That
is, the lattice fore plutonium should be “stiffer” than that
of the dhcp form of americium metal.
01 noin T IR Another point is that some hysteresis is observed upon the
N release of the applied pressuiot shown. In the energy
100 dispersive studies, the Am IV phase was retained down to
~11 GPa and a mixture of Am Ill and Am IV was observed
down to~6 GPa. The Am Il phase was retained after the
Degrees (26) total release of the pressure. The retention of the fcc phase
has been observed befdré and was used to obtain “pres-
FIG. 7. Rietveld fit of the orthorhombitspace grouPnmad  gyre quenched” lattice parameters for this cubic phase. How-
Am 1V phase at 89 GPan=0.3738 A, pressure transmitting me- ever, the retention of the Am Ill and Am IV phases was
dium silicone oi) showing the observefcrosseys and calculated surprising, as it was expected tHaionded structures forced
(line) diffraction patterns, reflection tick marks, Miller indices of by pressure would quickly revert back to stable, localized
the principal reflections, and difference profile. electron structures with the release of pressure.,

Intensity (arb. units.)

volume “collapses” are attributed to the onsetfoélectron B. Compressibility of the Am IV phase
contribution to the metallic bonding. A major difference in

this work compared to former studies is the assignmerit of In the previous section the bulk modulus of americium

énetal obtained from this pressure study was discussed. The
Am IV phase, and a second volume change for the Am Il tomodulus can be obtained via the compression behavior of the

Am |V transition. However, the change in volume is lower Am | and Am Il phases using established equation of state

than the 25% change predicted by the most recent tﬁgory_relationships. The bulk modulus of 30 GPa found for ameri-
This onset of electron itinerancy in americium metal due to cium in this work is consistent with moduli established for

pressure is discussed further in a subsequent section several lanthanide metals that have localifeelectrons

The isothermal bulk moduli and their pressure derivatives| '€ Stéep portion of the compression curve for Am I and Am

were obtained by fitting the Biréhand Murnaghal? equa- Il'in Fig. 8 is in accord with a smaller bulk modulus—that is,
tions of state to the experimental curve of the lower-pressur@ Metal with a softer lattice that can be readily compressed.
phases Am | and Am I{localizedf electrong to obtain the In cogtrastiége mloéj;IuGsPaiburanlgm IS mur?rchdrlﬁ?ége(rg-
bulk modulusB, and its pressure derivati\g) (the subscript ported as 'to h a by Va”ﬁu‘?’,ﬂmt? b unaer
zero indicates ambient pressur&he following values were pressure -uraniim shows a muc atter” compression

. : ' curve.
obtained: Birch equationBy=29.7=1.5 GPa, B;=3.7 . . .

. In Fig. 8 it can be observed that the compression of the
+0.2, and Murnaghan equatio,=29.9+1.5 GPa, B 9 P

Am IV curve is also much “flatter” than for the Am I, Am
Il, or Am Il phases, which suggests, that the Am IV phase

1.00 has a much higher bulk modulus. It is not fully appropriate to
0.95 calculate a bulk modulus for the Am IV phase using our
0.90 data, but a pseudomodulus can be extracted from it by ex-
— trapolation. By this approach, we obtained a bulk modulus
Am for the Am IV phase and estimate a value approaching 100

080 1 VIV =2% GPa. Such a value is in full accord with a rather “stiff” or

S 075 .IY “rigid” lattice, which has 5f electron involvement in the

> 070 - metallic bonding. This pseudo bulk modulus for the Am IV
0.65 ?1-;- AVIV="1% phase suggests_ that this phase’s _compressibil@ty falls between
0.60 ‘ Am those ofa uranium anda neptunium, two actinide metals
biss with itinerant 5f electrons. The difference in compressibility
’ for the Am IIl and the Am IV phasege.g., the compression
% curves in Fig. 8 also supports the contention that the Am IV
045 phase has a higher degree dfiivolvement in its bonding.

0 10 20 30 40 S0 60 70 8 90 100
Pressure [GPa] C. Relationship between structures

FIG. 8. Relative volume of americium metal as a function of  The four different americium structures observed in this
pressure up to 100 GPa. work are shown in Fig. 9, which permits one to envision the
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Americium IV o-Uranium
b
a @
[
c m
a
b C
4c sites of Pnma 4c¢ sites of Cmem
(x=040,y =%,z=0.10) (x=0,y=0.10,z="14)
if z= 0 2> o-Uranium

FIG. 10. Orthorhombic cells for the Am IV ang-U structures.
Setting thez value of the £ sites in thePnmastructure of Am IV

O“h"fh"m;;;d spzr;hg‘:i)}:l’)mbic (left) to 0 means a shifting of the planes with the light atoms rela-
space group Pnma . . . . .
(8a sites) (e sites) tive to the dark ones in the direction so that one obtains tlkeU

structure(right).
FIG. 9. Models for the four structures of americium metal under

pressure. What is most significant here is that this Am Il structure

is the same as that known for thephase of plutoniuni
considered to have f5electron involvement in its metallic
transformation process occurring under pressure. In prinhonding. Thus, under pressure the electronic nature of am-
ciple, the structures can be viewed as being composed @fricium is altered and the metal adopts one of the structures
close packed hexagonahm I, Am II) or distorted close established for its preceding neighbor, plutonium.
packed hexagonal plan€édm Ill, Am IV ) with a stacking As discussed earlier, the structure proposed here for the
sequence that changes in going from one structure to th&m IV phase is similar to the:-uranium structure previously
next. Thus, for the dhcp Am | structure, the sequence isssigned to the Am IV phasé:*The orthorhombic cells of
(A-B-A-C-A), which changes toA-B-C-A) for the fcc Am  the two structures are shown in Fig. 10. If the atomic posi-
Il phase by shifting planes. The fcc then converts to artion parameterz (~0.10) of the 4 sites of the Am IV
(A-B-C-D-A) arrangement by a shift and distortion of Pnma structure is set to zero, the second zigzag like bent
planes to produce the Am Ill phasb/¢ differs only by 5%  plane(light colored atomsof Am IV in Fig. 9 or Fig. 10 is
from the idealy3 value for close packed hexagonal planes shifted in thec direction so that one obtains centered rectan-
Finally, a shift, distortion, and zigzag bending of the hexago-gular a-c planes, i.e., the base centered orthorhombic
nal planes yieldsA-B-A) for the Am IV phase. As shown in «-uranium structure @mcnj is formed. The latter has a
Fig. 9, this bending requires a shifting of the planes parallehigher symmetry than thBnma structure(only the defini-
to thea-c faces, which are perpendicular to the close packedion of the lattice parameters is different in tBencmspace
hexagonal planes. group. If the a-uranium structure were the right structure of

For the Am | and Am Il structures, there are 12 nearestAm IV, then it would be possible to identify these centered
neighbors with the same interatomic distan¢six in the rectangular planes as distorted close packed hexagonal
same plane, three in the plane above, and three in the plapéanes. This means that the-uranium structure could be
below). For the Am Ill phase there are also six neighbors inobtained from the Am Il structure by only shiftingvithout
the same plane, but now four in the plane below and four irbending the distorted close packed hexagonal planes. This
the plane above. Two of these four are the nearest neighborargument leads also to a second possibility for the transfor-
whereas the other two have the largest distance of all neighmation path from Am Ill to the right Am IV structure: In-
bors. This means that the Am Il structure provides 14 neighstead of bending the close packed hexagonal planes of Am
bors with distances between 3.0 and 3.72(ak 10.9 GPa 11l one must shift the atoms within the plane, so that one no
There is then a distance gap and the next atom is at 4.85 Aonger has hexagonal planes. This means thaathefaces

The Am IV structure also has 14 neighbors with distancesf Am IV in Fig. 9 have to be assigned to thec faces of
between 2.61 and 3.51 fat17.6 GPa). Then there is again Am III.
a gap with the next atom being at 4.44 A. The atomic sites Evolution of the lattice parameters for the four Am pres-
in the Am 11l structure have high point symmetry 222, while sure phases is shown in Fig. 11. These parameters have been
the sites in the Am IV structure have a lower point symmetrymultiplied by the factors shown in the figure and assigned to
m. each other in a way which enables the changes in pro-
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4.5 Aol I I v essence, plutonium is trying to become a trivalent metal but
40 | its situation is complicated by a number of electronic states

a \F of similar energy. On the other hand, americium is a trivalent
358 AL c ¢ metal but not far removed from the electronic situation of
3.0 0 opgy v v plutonium. Perturbations like pressure therefore may alter its

electronic nature more readily than for a higher member of

< 23 the actinide series.

g 131 For the actinides, based only on atomic volumenep-

g 2 ¢ tunium could be considered as having the maximum degree

g T ap 0 a Lo 2a of f bonding, whereas the complex phase behavior of pluto-

y 101 4,@3”:' Baj vy v nium metal suggests a maximum multiplicity of energy lev-

2 9] els of similar stability. The more complex behavior of ac-

s 8 tinide metals with itinerant electrons is due to the latter’s
651 N involvement in the metallic bonding. These different elec-
604 T b tronic configurations can yield atoms of different sizes,
5.5 1 ° oi® oop which affects packing and can give rise to denser metallic
5.0 1 i b structures. For example, the ambient temperature form of
45 VvV v plutonium (monoclinic & phasé has a calculated density of
4.0 ' ' ' ; 19.86 g/cm, whereas the dhcp form of americium under

0 5 10 15 20 25 30 35 comparable conditions has a density of 13.61 ¢lcm
Pressure [GPa] The important point is that there is a potential for gener-

FIG. 11. Evolution of the lattice parameters for the four Am ating multiple electronic levels of similar energy by incorpo-

pressure phases with pressui®@ee text for detailed explanation. ~ ratingf character in the bonding. This often leads to distorted
structures of low symmetry. It is the symmetry of thelec-

gressing from one phase to another to be followed. Figure 1trons’ orbitals that disfavors the traditional close packed,
helps to illustrate the mechanism of the structural changeBigh-symmetry structures and produces the distorted pluto-
which are shown in Fig. 9. Let us take, for instance, the firshium structures instead of a hexagonal-type structure. The
lattice parameter in Fig. 11, which shows the evolution of theappearance of such low-symmetry structures can be used to
interatomic distance defined by the hexagonal lattice pararinfer the partial infusion of electron character into the me-
etera of Am | through all the structural transitions. It is tallic bonding. A low-symmetry structure, especially one dis-
clearly evident that there is a smooth evolution of this pa{layed by the early actinide metals known to have itinefant
rameter, which one would expect from looking at Fig. 9. Onelectrons, then becomes a “fingerprint” for the involvement
the other hand, the third parameter in Fig. 11 shows th@f f electrons in metallic bonding. In conjunction with the
evolution of the interatomic distance defined by the orthoformation of a low-symmetry structure, the appearance of a
rhombic lattice parameters of Am Ill and Am IV. This  volume collapse(sharp decrease in relative volume at a
parameter shows a sharp pronounced decrease at the trar@iien pressureis also taken as a sign thaelectrons may
tion between Am Ill and Am IV, which is due to the bending have been forced into the metallic bonding.
of the hexagonal plane in the case of Am IV. Given that americium is the near neighbor of plutonium, it
seems reasonable that by addirdparacter Am would adopt
one of the plutonium structures, a neptunium structure, or the
a-uranium structure. There may be only small differences in

The involvement of % electrons in the metallic bonding the f electron character and energy levels between these
of the actinides gives rise to several special physicochemicatructures. It is significant that thg phase of plutonium has
properties. The unique behavior of plutonium, the neathe same structure cited here for the Am Il phase formed
neighbor of americium, is an example of the effects broughtinder pressure. The facts that plutonium is the near neighbor
about by having itinerantBelectrons. Plutonium is perhaps of americium and that Am adopts under pressure yHeu
the most complex metal in the periodic table, displaying sixstructure make it worthwhile to note some specific character-
structural forms between ambient temperature and its melistics about the behavior of plutonium.
ing point of 640 °C. Below 155 °C, the pure metal displays a The behavior of the crystal structure of plutonium with
complex monoclinic & phase, simple monoclinid?2,/m) temperature is well establishd%*° Beginning with thea
structure, rather than the more symmetrical struct(mebic, phase of plutonium and increasing the temperatuwikich
hexagonal, etg.found for most metals in the periodic table; should increase the interatomic distances, as opposed to the
for the transition metals it is the, s, andp electrons that are effect of pressune there are six reported phases, the third
responsible for the metallic bonding and hence the structureseing they phase(the same structure as the Am Il struc-

For americium and the subsequent actinide metals in theure). With expansion there may be some reductiofiétec-
series that have localizel electrons, symmetrical crystal tron involvement in the bonding. However, there seems to be
structures and a simpler phase behavior is observed. In thiigtle question thaf electron bonding is still present in these
regard, the transplutonium metals are similar in their behavhigher-temperature phases—it is likely that sohoharacter
ior to the lanthanide metals, thef 4eries of elements. In even remains in the molten stéfe.

D. Discussion of structure and bonding
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There are some important aspects of plutonium with refusing synchrotron radiation and other experimental ad-
erence to americium. One is that the largest atomic radius farances. The findings provide important insights into the be-
plutonium metdl® (1.64 A calculated for both thé and the  havior of americium’s % electrons under pressure and per-
&' phases at 25°CY is smaller than the atomic radius of mit a mechanistic picture for the sequential conversion of
americium at the same temperature (1.73 A). This is as examericium from the Am | phase through the Am IV phase.
pected given the type of bonding present in each metal at In addition to resolving a previous controversy regarding
atmospheric pressuf@lutonium, at least partidl character; the structural behavior of americium in the 10—30 GPa re-
americium, localized electrons. Second, the atomic radius gion, this work has established two critical findings about the
of americium near the Am I=Am lll transition point is  Am lll and Am IV structures formed under pressure. First,
close to that forf electron bonded plutonium. The shortestthe Am Il phase is now properly identified as a face cen-
distance of the Am Ill phase just after the transition istered orthorhombic structurspace groufp-ddd, Am on 8a
1.50 A and it is accepted thatbonding is still present in siteg, which is the same structure displayed by th@hase
S-plutonium at 25 °C, where the calculated radius is as largef plutonium where the bonding involves itinerant Blec-
as 1.64 A% Further, the atomic radius for curium, the other trons. Second, the Am IV structure is now shown to be a
near neighbor of americium in the serigsr the fcc, Cm Il primitive orthorhombic (space groupPnmg Am on 4c
phase, just before the onset of delocalization of it§ 8lec-  site9 structure, rather than the very similar base centered
trons occurs, is~1.52 A*' The important point of these orthorhombic a-uranium structure as reported previously,
comparisons is that they show the interatomic distances foand it is stable up to at least 100 GPa.
americium 1l are(1) smaller than those in plutonium where  An important finding in this work is that the delocaliza-

f interactions are present; afi@) close to the value where  tion of americium’s 3 electrons forced by pressure occurs in
interactions take place in curium. The existence of localizedwo rather than a single step. The first process involves par-
versus itinerantf electron states is important in defining/ tial delocalization and an accompanying 2% volume collapse
understanding chemical and/or physical properties. ThéAm Il—Am Il transition). The belief that the bonding in
above comparisons of interatomic distances for Am and Pthe Am Il phase has 6 electron character is supported by
also support the concept proposed here that, given theoth the magnitude of the interatomic distances in this phase
smaller interatomic distances in Am, the bonding in the Am(relative to those irf electron bonded Pu structujeand the

[ll phase has acquireflelectron character. fact that Am Il is isostructural withy-Pu. This is based on

The above discusses americium’s pressure behavior ithe concepts of critical distances fbelectron involvement
conjunction with aspects of its neighbors plutonium and cu-and thatf bonding is responsible for the formation of lower-
rium and it is worthwhile to make some more comparisonssymmetry structures. In the second delocalization step the
with the behavior for curium under pressure. Curium is re-involvement of § electrons becomes more prominent and
ported to undergo two phase transitions with prestiidne  this change is accompanied by a larger collapse in volume
sequence is dhep fcc— orthorhombic,«-uranium structure  (Am Il — Am IV transition). It is not known if all or just a
(which is presumed to have itinerant Blectron$. The tran-  greater portion of americium’s f5electrons are now in-
sitions occur at much higher pressures and an intermediatelved in the Am IV phase. The Am IV phase is a more
phase is not observed between the fcc and dhgranium  “rigid” structure, as evident by its apparent lower compress-
phases. The volume collapse at the fcc to orthorhombic tranbility that reflects the behavior of-uranium. The lower
sition is 21%, much greater than observed for americiumcompressibility also supports the concept that the Am IV
The 21% for curium is much more in line with the theoretical phase has a greater involvement of it &lectrons in the
estimates of 25-34% for the volume collapse inmetallic bonding than the Am Il phase.
americium?”?8 If the overall volume change for americium  These experimental findings are not in accord with theo-
between the fcc Am |l structuréat 10 GPa and the ortho-  retical projections suggested recently for the pressure behav-
rhombic Am IV structurgat 16 GPais taken, without com-  ior of americium? where thea-plutonium structure was be-
pensation for compression, the volume change appears to lieved to represent the high-pressure structure of americium.
20%. Thus, the appearance of the additional Am Il phase Overall, this work provides important insights for under-
makes an important difference in the apparent behavior oftanding the pivotal position of americium in the actinide
americium. Americium appears to change in multiple stepseries, especially with regard to the involvement of ifs 5
rather than one much larger collapse, as observed for curiunelectrons in metallic bonding. The quality of these data
Whether the Cm Il phase is truly am-uranium structure, or  firmly establish the experimental behavior of americium un-
perhaps @nmastructure as found here for Am IV, must be der pressure up to 100 GPa. It is hoped that these findings for
determined in future studies of curium with synchrotronamericium will promote the convergence of experimental
techniques. and theoretical views regarding the volume collapse ahd 5

electron delocalization in americium metal under pressure.

V. CONCLUSIONS
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