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The high pressure structural behaviour of californium has been studied experimentally and 

theoretically up to 100 GPa. A valence change from divalent to trivalent forms was observed 

under modest pressure revealing californium to be the only actinide to exhibit more than one 

metallic valence at near to ambient conditions as is the case for cerium in the lanthanide 

series. 3 metallic valencies and 4 different crystallographic phases were observed in 

californium as a function of pressure. High-pressure techniques, synchrotron radiation and ab 

initio electronic structure calculations of total energies were used to investigate the material 

and to determine the role which californiums 5f electrons play in influencing these transitions. 

The crystallographic structures observed are similar to those found in the preceding actinide 

elements, curium and americium with the initially localized 5f states becoming completely 

delocalized under the influence of high pressure. 
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Introduction 

    The transplutonium elements all have localized (non-bonding) 5f electrons at ambient 

pressure which however can participate in bonding at high pressures 1--3. Previous studies on 

these elements from americium 4,5 to curium 6 have shown a remarkable diversity of 

crystallographic structures which appear under pressure due to the influence of this 5f 

electron participation. Atomic volumes are also affected by 5f electron bonding across the 

actinide series with smaller volumes observed in the Pa to Pu metals which result from 

additional 5f bonding already being present at ambient pressure. The pivotal point in the 

series occurs between plutonium and americium with a sudden increase in atomic volume 

arising from the transition from itinerant to localized 5f states. 

In the case of americium 4 we earlier found four crystal structures existing between ambient 

pressure and 100 GPa with the delocalization of the 5f electrons occurring in two stages. The 

3rd and 4th low-symmetry structures formed at high pressure were a face-centered 

orthorhombic (Am III) and a primitive orthorhombic structure, (Am IV), with each transition 

accompanied by an abrupt decrease in the relative atomic volume. The formation of the Am 

IV structure (space group, Pnma), its stability at very high pressures and its subsequently 

discovered or theorized 7,8 presence in neighboring actinides has established it as an important 

actinide high-pressure structure supported by theoretical calculations on the structural 

behaviour of the higher actinides 9--13. However recent resonant x-ray emission spectroscopy 

and x-ray absorption near-edge structure experiments 14 and theory 15 on Am have not 

substantiated the hypothesis of strong mixing of 5f states with the valence band and show that 

the general behavior of actinide 5f electrons under compression is not yet fully understood. 

In the case of curium 6 an additional monoclinic (Cm III) high pressure phase was discovered 

between 37 and 56 GPa which was found to be stabilized by the spin polarization of curiums 

5f electrons. Subsequent investigations into the high pressure behavior of curium-berkelium 
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alloys 16 as well as previous studies on americium-curium alloys 17 have shown the Cm III 

phase to be unique in the sense that dilution of curium with its near neighbors is sufficient to 

prevent its formation. The 5f7 electronic configuration of the Cm III phase necessary to 

maximize magnetic spin polarization is clearly de-stabilized by alloying with adjacent 

neighboring actinides.  

As a result of decreasing half-lives and available quantities of the successively heavier 

transplutonium elements, californium is at present the heaviest actinide on which structural 

studies can be performed. The intent of this present study was to perform the first synchrotron 

radiation investigation of californium up to 100 GPa in order to understand correctly its 

structural behavior under pressure.  

Experimental. 

    Foils of californium (249Cf isotope (t1/2 = 350.6 yr)) metal were prepared at Oak Ridge 

National Laboratory (ORNL) by vacuum vapor deposition after reduction of its oxide with 

lanthanum metal 18,19. Diamond anvil cells are widely used for studying microgram quantities 

of materials up to and beyond the megabar range. In our experiments both Syassen-Holzapfel 

(up to 60 GPa) and Cornell-Type (up to 100 GPa) pressure cells were used with diamond 

culets of between 100 and 300 μm depending on the pressure range studied. Gasket materials 

used were Inconel and T301 steel with holes of 50 to 150 μm, again depending on the 

pressure range studied. Four separate series of experiments were performed over a period of 5 

years at the European Synchrotron Radiation Facility (ESRF) ID27 and ID30 beam lines in 

the angular dispersive mode using a monochromatic beam of either 33.17 keV (0.3738 Å), 

46.83 keV (0.26472 Å) or 61.33 keV (0.2022 Å). For each experiment 4 to 6 Cf microsamples 

were loaded together with pressure transmitting medium (liquid N2 or silicone oil) and 

pressure gauges (ruby crystal, Cu or Pt powder). Due to the high specific activity of 249Cf 

only samples of 1 μg or less per pressure cell were allowed at the synchrotron beam line 
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which presented a particularly difficult technical challenge compared to other actinides 

previously studied. Technical details about loading actinide samples and the radioactive 

containment required for synchrotron experiments can be found here 20. Diffraction images 

were captured with a Bruker 6500 charge coupled device (CCD) detector or MAR 345 and 

165 image plate detectors. The diffraction images were then processed using the ESRF Fit2D 

program 21 and the fully integrated profiles were refined with the FULLPROF Rietveld 

analysis program 22. 

Theory. 

In order to study the electronic structure of Cf, we have used the full-potential linear 

muffin-tin-orbital (FPLMTO) method 23,24. The calculations were based on the generalised 

gradient approximation and we used the Perdew and Wang parameterisation for the exchange 

and correlation potential. The spin-orbit coupling was included explicitly. Basis functions, 

electron densities, and potentials were calculated without any geometrical approximation. 

These quantities were expanded in combinations of spherical harmonic functions (with a cut-

off lmax = 6) inside non-overlapping spheres surrounding the atomic sites (muffin-tin spheres) 

and in a Fourier series in the interstitial region. The muffin-tin sphere occupied approximately 

80% of the unit cell. The radial basis functions within the muffin-tin spheres are linear 

combinations of radial wave functions and their energy derivatives, computed at energies 

appropriate to their site and principal as well as orbital atomic quantum numbers, whereas 

outside the muffin-tin spheres the basis functions are combinations of Neuman or Hankel 

functions. In the calculations reported here, we made use of pseudo-core 6s, 6p and valence 

band 7s, 7p, 6d and 5f basis functions with corresponding two sets of energy parameters, one 

appropriate for the semi-core 6s and 6p states, and the other appropriate for the valence states. 

The resulting basis formed a single, fully hybridising basis set. This approach has previously 

proven to give a well converged basis. For sampling the irreducible wedge of the Brillouin-
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zone we used the special k-point method. In order to speed up the convergence, we have 

associated each calculated eigenvalue with a Gaussian broadening of width 20 mRy. 

 

Valence. 

Depending on the preparation technique used, californium is known to exhibit face-centered 

cubic, double hexagonal close packed or possible hexagonal close packed phases 18,19,25--30 as 

shown in Table 1 but only the dhcp and fcc structures have been observed in subsequent high 

pressure experimental work. Differing lattice parameters may be interpreted as divalent, 

intermediate valence and trivalent forms as shown in Tables 2. 

As a result of this coexistence in the bulk sample of 2 metallic valences and probable 

intermediate valence, the Cf system is considerably more complicated than the Am, Cm and 

Bk systems.  

Figure 1 shows the crystal promotion energies 31 across the actinide series with the bar 

representing an estimate of the energy required to promote an electron from the f to d level 

where it can be seen that californium falls into the border region between divalent and 

trivalent metallic bonding. Further evidence of this borderline state for Cf is that whereas the 

preceding actinides from Am to Bk usually form trivalent compounds, californium exists in a 

divalent ionic state 32,33 as well as trivalent. 

Theoretical calculations 1,34,35 have predicted a stable metallic divalent state for californium’s 

neighbor einsteinium but only possible surface divalency for californium suggesting a 

metastable divalent state may exist for Cf depending on the preparation method used and 

whether the sample takes the form of a thin film or is bulk material. A similar situation exists 

for the lanthanide samarium which has been found to exhibit divalency in thin films 36 

whereas its neighbor europium is divalent in bulk form. This possibility of a divalent surface 

on top of a bulk trivalent metal was first proposed in refs 31,37. 
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The only lanthanide thought to exhibit a possible valence change under pressure is cerium 38, 

and many theories have been advanced to elucidate this phenomenon 39--45. 

Valency is defined as the number of electrons in the occupied part of the valence band which 

participate in the conduction and bonding. For cerium this means a change in the behaviour of 

the 4f electron or if the 4f state remains localized (non-bonding) there must be a change in the 

4f occupancy in order to have a change in valency. For cerium the 15% collapse in its atomic 

volume which occurs under a relatively small pressure is consequently mainly attributed to an 

interaction between its 4f and conduction electrons. The question of cerium’s valency is still a 

matter of controversy and some experiments suggest that its valency does not necessarily 

change by 1 electron as was originally expected in the earlier papers on the volume collapse. 

Some authors suggest intermediate valencies between the trivalent and tetravalent states 46,47. 

Recent experiments also propose that the f electronic structure of cerium is governed as much 

by the sequence of crystallographic stacking as by interaction with its valence d electrons 48. 

In the case of californium we observed both divalent and intermediate valent forms of the 

metal which transformed rapidly under pressure to the trivalent form. 

 Due to the safety issues associated with these samples, all the pressure cells studied at the 

ESRF had some starting pressure applied to ensure the containment of the material. This 

varied from 0.1 to 1 GPa for cells loaded with silicone oil as PTM and between 2 and 3 GPa 

for samples loaded with nitrogen. Consequently samples containing various mixed valent 

states were observed in different cells depending on the starting pressure and these lattice 

parameters are given in Table 2. Ambient pressure laboratory x-ray examination of 

microgram thin foils of the samples at ITU Karlsruhe gave lattice parameters of a = 5.426 Å 

for the divalent form, 5.223 Å for the intermediate form and 4.783 Å (fcc), a=3.380 Å 

c=11.025 Å (dhcp) for the trivalent form. At ambient pressure the divalent californium 

represented approximately 10% of the total sample with the rest being trivalent which is 
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consistent with this being a surface phenomenon as bulk samples appear to show 

predominantly the trivalent form. One previously proposed divalent form of Cf shown in 

Table 1 with (hexagonal a=3.988 Å c=6.887 Å) and (fcc a=5.743 Å) structures was never 

observed in our studies or identified in other preparations from Table 1. Zachariasen 49 

showed that these two forms could not be pure Cf and identified them most likely to be 

Cf2O2S and CfS compounds. 

 Figures 2a and 2b show the transitions observed between divalent and intermediate valency 

Cf to the trivalent form. Both divalent and intermediate forms transformed completely to the 

trivalent form by 4 GPa.  

High Pressure Results. 

Previous results with californium were obtained at lower pressures than here 50,51. 

Not taking into account the divalent - intermediate - trivalent transitions all samples of Cf 

studied presented a mixture of double hexagonal close packed (dhcp P63/mmc; Cf I) and face 

centered cubic (fcc Fm3m; Cf II) phases at low pressure with traces of CfN impurity in 2 of 

the samples studied [Figure 2].  

An example diffraction image of the highly radioactive Cf sample at low pressure can be seen 

in Fig. 3 with the actual loading configuration enhanced in the figure insert. Some of the 

unusual diffraction spot effects may be due to macroscopic clusters of crystal defects caused 

by radiation damage in the crystal lattice as these were not noticeable immediately after 

sample preparation. Due to this time related problem of radiation damage occurring, great 

care was taken to perform the synchrotron experiments as soon as possible after sample 

preparation although the complexities of transporting highly radioactive material between 

ORNL and ESRF meant that a minimum of 4 weeks passed between preparation and 

experiment. We found that these possible cluster defects observed at low pressure are 
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completely removed after the samples underwent structural phase changes at high pressure 

due to pressure annealing. 

With the application of pressure, the dhcp/fcc mixture of Cf I & II phases gradually converts 

to the pure fcc structure Cf II which is completed at about 14 GPa [Figure 4]. 

With additional pressure, the Cf II phase converts to a very complex spectrum at above 35 

GPa which is retained up to 100 GPa [Figure 5]. The structure of this high pressure phase was 

determined to comprise of a mixture of 2 orthorhombic phases previously identified in our 

study on americium 4, namely: Am III and Am IV. The Cf III structure (isostructural with Am 

III) has a face-centered orthorhombic cell (space group Fddd, Cf on the 8a sites, all position 

parameters fixed by symmetry) and was observed between 38 and 100 GPa. The Cf IV 

structure (isostructural with Am IV) has a base-centered orthorhombic structure (Pnma, 

primitive orthorhombic) and was also observed between 38 and 100 GPa. This unexpected 2 

phase existence over a large pressure range is discussed in more detail later. 

In one experiment a Cf sample experienced a sudden rapid pressure increase from about 30 to 

95 GPa due to the sudden release of a blocked piston in a Cornell pressure cell. The final 

pressure after relaxation stabilized at 80 GPa and in this unique case we obtained a pure 

spectrum of the Cf III phase shown in Fig. 6 which was retained in its pure form whilst 

further releasing pressure. This was the only time that a pure Cf III phase predicted by theory 

to be energetically more stable at very high pressure was observed without the presence of the 

Cf IV phase. Retransformation to the pure fcc Cf II phase was completed by 26 GPa.  

Volume and bulk modulus. 

     A plot of the relative volumes (V/Vo, where Vo is the volume at atmospheric pressure) 

versus pressure is given in Fig. 7 showing the different structural regions and the relative 

volume changes. Abrupt volume collapses of 4.8% at the Cf II to Cf III transition, and 10% 

between the Cf III and Cf IV phases are observed. These are larger than the 2% and 7% 
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collapses observed in Am, but very similar to the 4.5% and 11.7% values found in Cm where 

in that case the first collapse is between the Cm II fcc phase and the Cm III monoclinic phase. 

As was the case for Am and Cm we believe that these two volume collapses should both be 

attributed to f electron delocalization processes and represent a stepwise delocalization 

process. This idea of gradual delocalization occurring across the Fddd to Pnma transitions in 

the heavy actinides is strengthened by resistivity studies of Am under pressure 52 which also 

indicate that the 5f electrons are not fully delocalized until the onset of the Am IV phase. 

Resistivity studies on Pu/Am alloys 53 have attributed this to 5f6-5f7 valence fluctuations 

rather than a simple delocalization. In the inset of Fig. 7, we have shown our calculated 

Energy vs volume plot. Here, we have not shown the dhcp phase as we are interested in the 

high pressure behavior of Cf. Our calculations show structural transformations from Cf-II 

(fcc) to Cf-III (Fddd) to Cf-bcc. Our calculations do not show a stability of the Cf-IV (Pnma) 

phase which is different from the case of Am or Cm. Nevertheless it can be seen that the 

energy difference between the Cf-III and Cf-IV structures is relatively small in this case. Our 

calculations predict that the bcc phase becomes stable at very high pressure which at present 

cannot be confirmed experimentally as it is above the attainable pressure range. 

    The compressibility for Cf was obtained by fitting the Birch - Murnaghan 54 and Vinet 55 

equations of state to the low pressure phases (regions of localized f electrons) to obtain the 

bulk modulus B0 and its pressure derivative B'
0. Both calculations gave similar values, which 

were 36.2(3) GPa for B0 and 3.9(2) for B'
0 and 35.3(3) GPa for B0 and 4.3(3) for B'

0, 

respectively. The theoretical bulk modulus was calculated to be 36.7 GPa and 4.0 for B’0, in 

excellent agreement with the experimental results. These californium moduli are in line with 

values for the pure Am-Cf metals, which range from 25 to 43 GPa but considerably smaller 

than the moduli of the Th - Pu metals, which have additional bonding from their itinerant f 

electrons and are less compressible. 
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CfN. 

The presence of approximately 5-10 % CfN (a0= 4.983 Å) 56,57 in some of the measured 

samples enabled us to follow the progression of its compressibility alongside that of the pure 

Cf metal. It should be noted that the few samples containing CfN impurities were only used to 

follow the CfN compressibility and not used to identify the Cf III and IV structures. The fcc 

structure of CfN remains stable up to 44 GPa, the highest pressure at which we were able to 

quantifiably determine peak positions before the advent of the complex spectra resulting from 

the appearance of the Cf III and Cf IV structures. We determined a bulk modulus for CfN of 

Bo= 122.0 GPa and Bo'= 5.4. 

 

Conclusions. 

Our high pressure study of californium has revealed the presence of three metallic valence 

states depending on the sample preparation methods used and whether the material is a thin 

film or bulk sample. Divalent and intermediate valent forms of Cf were observed which all 

transformed under moderate pressure to the trivalent form confirming that a metastable 

divalent state exists for Cf as suggested from the calculation of crystal promotion energies 

required to promote an electron from the f to d level 31,58 . Cf therefore clearly falls into the 

border region between divalent and trivalent metallic bonding which is a phenomenon only 

previously observed in the lanthanide Sm.  

Given the complexity of sample preparation, purification and handling for Cf it is important 

to note that small quantities of La metal used in the reduction of the initial Cf oxide may have 

formed in its high temperature fcc form on the surface of the prepared material. If this were 

the case we would expect a lattice parameter of about 5.2 Å which corresponds to the 

observed lattice parameter attributed to intermediate valence Cf. In addition surface layers of 

complex oxides between CfO1.5 – 2.0 may have formed with fcc lattice parameters close to 
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those reported here for divalent Cf of around 5.4 Å. The problem here is that under greater 

pressure the samples all showed either the pure Cf fcc phase [Figure 4] or in one case the pure 

Fddd phase [Figure 6] without any significant trace of other phases. If a coating of La metal 

or Cf oxide was on the surface, it would therefore have to “disappear” into the bulk of the 

product at higher pressure and not be readily seen. To the authors knowledge such behaviour 

has not been observed or confirmed in other high pressure experiments in which a strongly 

diffracting oxide layer is completely absorbed into the bulk material under pressure.  

A thin layer of La metal could potentially be pressed into forming an alloy with Cf but would 

be unlikely at RT. Under pressure lanthanum metal would be expected to adopt the distorted 

fcc structure between 7 and 60 GPa 59 whereas Cf retains the simple fcc structure until 35 

GPa. Diffraction lines corresponding to an impurity dist-fcc phase would be expected if La 

were present in this pressure range. However the corresponding diffraction lines of a dist-fcc 

phase were not observed in the simple spectra of pure Cf fcc in the pressure range between 14 

and 35 GPa where they should be clearly resolved. Another argument in this particular case 

against absorption of an impurity surface layer into the bulk sample concerns those 

experiments reported in this paper where we have observed clearly defined CfN diffraction 

peaks corresponding to the cubic phase which were well resolved and constant in intensity 

from ambient pressure up to 44 GPa regardless of the phase changes occurring in the bulk Cf 

material. 

Under pressure Cf follows the same sequence of structural phase transitions as the preceding 

actinides Am and Cm except that the unique Cm III phase is not formed and a co-existence of 

the 2 "collapsed" orthorhombic phases Cf III and Cf IV is observed above 38 GPa.  

The present theory shows that the energies required for the stabilization of these 2 structures 

are very similar at the transition from the fcc phase and that the Cf III Fddd phase should be 

preferred at higher pressure. In the 2006 theory paper by Per Söderlind 13 Figure 11 shows 
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identical energies for both Cf III Fddd and Cf IV Pnma phases at 50 GPa with the Fddd phase 

becoming more stable above this pressure. This earlier theory result seems to fit the 

experimental data particularly well and explains our observation of the pure Fddd phase 

above 80 GPa. Non hydrostatic sample conditions in different regions of the gasket hole 

above 50 GPa may be a partial explanation for the retention of both phases except in the case 

of Figure 6 where a sudden shock rapid increase of pressure stabilized the pure Fddd phase as 

predicted by theory. Although unusual, the retention of 2 phases with differing volumes over 

a large pressure range has been observed previously in the case of cerium metal 60. Here the 

alpha and gamma phases were found to co-exist with a 14% volume difference between them, 

which is even greater than the 10% observed between Cf III and Cf IV. For Ce the mechanism 

of co-existence is explained as a diffusionless first order transition induced by dislocation 

motion or strain energy. In the case of californium the transition is not isomorphic but a 

similar mechanism may be applicable in justifying the co-existence of the Cf III and Cf IV 

phases. Essentially the theory tells us that the Fddd and Pnma structures are in equilibrium 

despite their different volumes and their stabilization will depend on the exact pressure 

conditions and corresponding intergranular strains. 

Stepwise volume collapses of 4.8% and 10% were observed across the transition from 

localized to fully de-localized states similar to those previously observed in Cm. An average 

experimental bulk modulus of 35.8(5) GPa was determined for Cf which is in good agreement 

with the calculated theoretical value also presented in this paper of 37.4 GPa. 
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Table 1.  
Crystallographic data previously reported for californium 

 
Crystal 
System 

Lattice 
a0 (Å) 

Parameter
s 

c0 (Å) 

Atomic 
Volume 

(Å3/atom) 

Crystal 
Density 
(g cm-3) 

Metallic 
Radius 

(Å) 

Ref 

hcp 3.988 6.887 47.4 8.72 2.07 18 
fcc 5.743  47.4 8.72 2.03 18 

dhcp 4.002 12.804 44.4 9.31 1.99 19 
fcc 5.40  39.4 10.5 1.91 18,25,26

fcc 4.994  30.1 13.7 1.75 27 
fcc 4.94  30.1 13.7 1.75 28,29 

dhcp 3.38 11.025 27.3 15.2 1.69 26,61 
dhcp 3.39 11.01 27.4 15.1 1.69 28 
fcc 4.78  27.4 15.1 1.69 56 

dhcp 3.384 11.040 27.4 15.1 1.69 19,30 
fcc (CfN) 4.94  30.1 13.7 - 56 
References: [18] Haire & Baybarz (1974), [19] Haire & Asprey (1976), [25] Cunningham & 
Parsons (1970), [26] Radchenko et al. (1986), [27] Stevenson (1973), [28] Noé & Peterson 
(1976), [29] Burns & Peterson (1978), [61] Seleznev et al. (1989), [30] Seleznev et al. (1990),  
[56] Haire et al. (1986) 
 
 
Table 2.  

Experimental lattice parameters for Cf from ESRF high pressure experiments 
 

Phases 
Observed 

Sample 1 
(0.4GPa) 

Sample 2 Sample 3 
(3GPa)

Sample 4 
(0.1GPa) 

dhcp (Cf I) 
trivalent 

a = 3.38 Å 
c = 11.02 Å 

a = 3.38 Å 
c = 11.025 Å

a = 3.29 Å 
c = 10.75 Å

a = 3.404 Å 
c = 11.157 Å

fcc 1 (Cf II) 
trivalent 

a = 4.771 (Å) a = 4.783 (Å) a = 4.64 (Å) a = 4.783 (Å) 

fcc 2 
Cf  intermed. 

a=5.215 Å ---- a = 5.136 (Å) a = 5.2232 Å 

fcc 3 
Cf  divalent 

---- a = 5.426 Å a = 5.340 Å ---- 

fcc ( CfN ) ---- a = 4.983 (Å) a = 4.92 (Å) ---- 
 
 

Figure Captions. 

Figure 1. Divalent - Trivalent zones for actinides and lanthanides 31,58 

 

Figure 2a. Transitions between divalent and intermediate valency Cf to the trivalent form. 
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Wavelength 0.26472 Å 

 

Figure 2b. Intermediate valent Cf (a=5.2232 Å) to trivalent transition between 0.1 and 3.8 

GPa. Wavelength 0.3738 Å 

 

Figure 3. Diffraction image of ~1 μg Cf at 3 GPa. Insert shows cell loading. 

 

Figure 4. Rietveld fit of the fcc (space group Fm 3m) pure trivalent Cf II phase at 20 GPa 

(wavelength = 0.2022 Å, pressure transmitting medium nitrogen) showing calculated 

reflection tick marks, Miller indices, principal reflections and difference profile. 

 

Figure 5. Rietveld fit of orthorhombic (space groups Fddd and Pnma) Californium phases III 

and IV at 100 GPa showing calculated reflection tick marks, principal reflections and 

difference profile. Cu indicates copper pressure marker peaks. Fddd a = 8.453, b = 4.891, c = 

2.605 Å, Bragg-R Factor=3.84%, Pnma a = 4.792, b = 3.777, c = 2.695 Å, Bragg-R 

Factor=2.92%. Wavelength 0.3738 Å. 

 

Figure 6. Rietveld fit of orthorhombic (space group Fddd) Californium phase IV at 80 GPa 

(decreasing pressure) showing calculated reflection tick marks, principal reflections and 

difference profile. Wavelength 0.3738 Å. 

 

Figure 7. Relative volume-versus-pressure-curve for californium + theory. 
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