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First-principles phase diagram of the Ce-Th system
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Ab initio total energy calculations based on the exact muffin-tin orb{ElTO) theory are used to deter-
mine the high pressure and low-temperature phase diagram of Ce and Th metals as well agfhg, Ce
disordered alloy. The compositional disorder for the alloy is treated in the framework of the coherent potential
approximation. The equation of state for Ce, Th, andsCles; has been calculated up to 1 Mbar in good
comparison with experimental data: upon compression the Ce-Th system undergoes crystallographic phase
transformation from a fcc to a body-centered-tetragonal structure and the transition pressure increases with Th
content in the alloy.
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I. INTRODUCTION than the former and there is a substantial volume collapse

Actinide physics has seen a remarkable focus the last déssociated with thg— « transition that occurs at a moderate
cade or so due to the combination of experimental diamondPressure close to 10 kbar. The nature of this transition is
anvil-cell techniques and the development of fast computersurrently not fully understood, but it can be described a
and more advanced theory. Allelectron systems are ex- Mott transition of thef electron from a localize¢y-Ce) to an
pected to have multiphase phase diagrams due to the senginerant(a-Ce) state. Below 100 kbar, there is also a phase
tivity of the f-electron band to external influences such agransition to a lower symmetry phase, which is believed to be
pressure and temperature. For instance, compression of @ither orthorhombic or body-centered monoclihidbove
f-electron metal generally causes the occupation of fthe 120 kbar, however, Ce is stabilized in a body-centered-
states to change due to a shift of these bands relative tietragonalbct) structure and remains in this phase up to the
others. This can in some cases, as in the Ce-Th system,highest measured pressure. Thorium metal is similar to ce-
cause the crystal to adopt a lower symmetry structure at eHum in this regard, but has a simpler phase diagram. Only
evated pressures. Under compression, ftedectron domi- one phase transition has been seen at low temperatures:
nance increases in these systems and drives the phase tréee— bct at about 600 kbar. At Mbar pressures, both these
sition. The reason for this has been discudsederms of a metals remain in a bct crysfal with a c/a axial ratio close
Peierls or Jahn-Teller distortion that favors low symmetryto 1.65. Also the Ce-Th system shows a similar behavior.
over high symmetry crystal structures. On the other hand, allTheoretically, the Ce-Th alloys are rather well described
bands broaden under compression and the distortion of theithin the density-functional theoryDFT),28 although a
lattice becomes less important, while electrostatic forces tengroper treatment of the disordered Ce-Th alloys has not yet
to move atoms to higher symmetry positions, ultimatelybeen presented. In fact, it was arg@ititht the disorder in the
leading to closer packed structures with higher symmetryrealistic Ce-Th alloys could not be well modeled by an or-
This interplay between competing effects and their pressurdered compound. The theoretical low pressure behavior of
dependence often results in interesting multiphase phase dige.Th,_. was therefore erronectifor c=0.43. In the present
grams. This is the case for Ce, Th, and Ce-Th alloys. paper we revisit this problem by applying a more sophisti-

This Brief Report is devoted to the study of phase stabili-cated theory of random alloys based on the coherent poten-
ties of Ce, Th, and the Ce-Th system as a function of comtial approximation(CPA).
pression. Cerium metal has a very interesting phase diagram The paper is organized as follows. Our computational ap-
with two isostructural, face-centered-cubifcc) phases, proach is discussed in Sect. I, followed by results and dis-
namely y-Ce anda-Ce. The latter is considerably denser cussioning Sect. lll. We present our conclusions in Sect. IV.
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Il. COMPUTATIONAL DETAILS 800 L L

EMTO (FR}

The calculations we have referred to as exact muffin-tin - "™ f EMTO (SR)

orbitals(EMTO) are performed using both scalar-relativistic  goof-
(SR and full-relativistic (FR), Green’s function technique )
based on an improved screened Korringa-Kohn-Rostokerg
(KKR) method, where the one-electron potential is repre-é a0 f
sented by optimized overlapping muffin-f®@OMT) poten- St
tial sphere$-12 Inside the potential spheres the potential is § **'F
spherically symmetric and it is constant between the spheres™ L
The radii of the potential spheres, the spherical potentials
inside the spheres, and the constant value from the interstitia

expt
-- FPLMTO (FR)

500

100 |-

are determined by minimizing) the deviation between the of
exact and overlapping potentials, aid the errors coming P T R R
from the overlap between spheres. Thus, the OOMT poten- » 2 s »2

.3
tial ensures a more accurate description of the full potential Volume (4.)

compared to the conventional muffin-tin or nonoverlapping g 1. Equation of state for Ce. Experimental restRef. 6)

appr(_)a_ch. ] are marked with open squares and theory is given by solid and
Within the EMTO formalism, the one-electron states aregot-dashed lines. The results of earlier FPLMTO calculati@te.

calculatedexactlyfor the OOMT potentials. As an output of g) are shown by the dashed line.
the EMTO calculations, one can determine the self-

consistent Green’s function of the system and the completes =290 kbay. FR calculations result in a slighter smaller
nonspherically symmetric charge density. Finally, the totalequilibrium volume (27.4 A3). Notice also that both
energy is calculated using the full charge densitygmTO-SR and EMTO-FR calculations give better equilib-
technique'>** For the exchange/correlation approximation, rium properties of cerium metal at ambient pressure then the
we use the generalized gradient approximati®GA),"  previous full-potential linearized ~muffin-tin  orbital
which has proven to be better forelectron metal$® Within (FPLMTO) study? (V,=26.1 A3 and B,=490 kbaj, how-

account exactly by solving the four-component Diracpressures.
equation.’ For the total energy of random substitutional al-* also for thorium metal, the EOS is in a good agreement
ons,ltstlle8 EMTO method has been recently combined with thgyith experimerf®® (see Fig. 2 CalculatedSR) equilibrium
CPAZ _ ) ) ~volume and bulk modulus at ambient pressure are
The calculations are performed for a basis set |nclud|ng/0:33_3 A3 andB,=580 kbar, respectively, and close to the
valencespdforbitals and the semicorep6Gstate whereas the experimental dafd (V,=32.9 A3 andB,=580 kbay. FR cal-
core states were recalculated at each iteration. Integratiog|ations result in a slighter smaller equilibrium volume
over the irreducible wedge of the Brillouin zorlBZ) is (33.1 A%). As in the case for cerium metal, the EMTO am-
performed using the speciipoint metho_élg with 916 and  piant pressure results compare better with experiment than
5525k-points(per 1BZ) for fcc and bct lattices, respectively. inose of the FPLMTO study (Vo=29.6 & and

The Green's function has been calculated for 40 complexg -g30 kbay, which seem better at elevated pressures
energy points distributed exponentially on a semi-circle en-

closing the occupied states. The equilibrium density is ob- — —— — ——

tained from a Murnaghan # fit to about 15 total energies [\ ™ — deoy |
calculated as a function of the lattice constant. The axial - g;;‘;fy (SR)
ratio was optimaized for the selected voluripeessurg by Ia) -=- FPLMTO (FR)

calculation the so-called Bain transformation péthtal en- [

ergy versus/a axial ratio of a bct systept! CRT N ]
@ ¥
[l. RESULTS AND DISCUSSION 5 R
Before entering the details of the crystal structure of Ce& soot- B _

and Th under compression, we compare our calculated eque I RS

tion of state(EOS with the experimental data for these two L TR

metals. In Fig. 1 we show the theoretical and measured equa - N

tions of state for cerium metal. The agreement between Ty gy oy e
. N . . 16 20 24 28 32 36

theory and experimehts very good, especially in the region Volume ()

of pressures less than 300 kbar. Notice that the results of the

FR and SR calculations are almost identical. Calcul&&) FIG. 2. Equation of state for Th. Experimental resqRef. 23

equilibrium volume and bulk modulus at ambient pressureare marked with open squares and theory is given by solid and

are V,=27.7 & and B,=380 kbar, respectively, and com- dot-dashed lines. The results of earlier FPLMTO calculatiéRe.

pares well with the low-temperature d&taV/,=28.0 A2and  8) are shown by the dashed line.
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FIG. 3. Thec/a axial ratio for the bct structure as a function of ~ FIG- 4. Thec/a axial ratio for the bet structure as a function of
pressure for Ce. Experimental daRef. 6 are marked with open  Pressure for Th. Experimental da@ef. 7) are marked with open
squares while theoretical results are given by a solid line and fillegduares and theoretical results are given by a solid line and filled

circles. The results of FPLMTO calculatiotRef. 8 are shown by ~ Circles. The results of FPLMTO calculatiogBef. 8 are shown by
a solid line and open circles. a solid line and open circles.

(more than 700 kbar Considering the fact that the spin-orbit |ocalization of 4-Ce electrons under the local pressure im-
coupling has a negligible effect on the calculated EOS, thgyosed ony-Ce atoms by smallet-Th atoms(the experimen-
following calculations exclude this interaction. tal atomic volume ofy-Ce and «-Th is 34.37 & and
Next we study the crystal-structure behavior for cerium32.89 A, respectivel§®29. According to our calculations,
metal, and in Fig. 3 we plot the calculatefh axial ratio for  the CeqThs, disordered fcc alloy, created layCe anda-Th,
bct Ce together with experimental d&tat pressures beyond obeys the Vegard's law reflecting the itinerant nature of
about 120 kbar, cerium adopts a bct structure withiaratio  4f-Ce and 5-Th electrons within the current DET formal-
close to 1.65. Quantitatively, this behavior is well reproducedsm.
by our calculations. Also, there is known to be an interme- Before discussing the fee bct transition in the CgThs;
diate lower symmetry pha%@ Ce (below 100 kbay, which  alloy, we plotf-band occupation number of Ce, Th, and this
is limited to a small pressure range and not considered in thglloy as a function of pressurgFig. 6). At pressure
present calculationsit has been investigated theoretically ~1.5 Mbar thef-band population for thorium metal reaches
before.?* Present results are also in an excellent agreemenfimost the same value~1.6) as for cerium metal at much
with the results of the previous FPLMTO calculatins |ower pressuré~0.6 Mbaj. This is no surprise, because the
shownin Fig. 3. _ . f-band population in Th at ambient pressure is approximately
A similar behavior is found for thorium metesee Fig. 4 half that of Ce. This explains why the feebct transition in
Experimentally; Th is stable in its ambient pressure phaseTh occurs at a much higher pressure then in Ce. According to
(fcc) up to 630 kbar. At higher compression, Th transformsgyr calculations for GgThs-, the f-band occupation reaches

continuouslyinto the bct phase. The transition pressure isthe same valué~1.6) at pressure of about 1.1 Mbar.

considerably higher in Th than in Ce. The fact that the

fcc— bct transition occurs at a higher pressure in Th than in E— — —— ]

Ce has been discussed befdrand will be addressed below. 1500 _ T ]

As in the case of cerium metal, present results agree well L — CeyThy |

with those of previous FPLMTO calculatichalso shown in CoN

Fig. 4. AR
As we have established that Ce and Th metal can be veryg 1000

well described by DFT methods, we next consider the= [ )

CeysThe, disordered fec alloy. In Fig. 5 we show theoretical £ S

EOS for the CgThs; disordered fcc alloy. Notice that the 3_93 - 1
EOS curve for CgThs is located between those for elemen- = 307~ i
tal Th and Ce, which are also shown. Calculated equilibrium i S

atomic volume and bulk modulus for &&hg; are 31.4 & - RN

and 460 kbar, respectively, which are in reasonable agree

ment with experimental data of 32.9*/&nd 281 kbat. In B .
. . . 8 32

order to understand this difference, one should notice that the Volume (A%)

Ce-Th system is composed hyCe anda-Th, and there is a

significant negative deviation from the Vegard’s law in this

system within the whole concentration intefradiue to de-

FIG. 5. Equation of state for the @& hs; disordered alloy. EOS
for Ce and Th are also shown.
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FIG. 6. Calculatedf-band occupation of Ce, Th, and the FIG. 7. Thec/a axial ratio for the bct structure as a function of
Cey3Ths; disordered alloy as a function of pressure. pressure for the GgThs7 disordered alloy. Experimental dat@ef.
1) are marked with open squares while EMTO theoretical results
are given by a solid line and filled circles. Also, the results of
FPLMTO (Ref. 2 calculations for CeTh-ordere@®2) compound
are given by a solid line and open circles.

Finally, Fig. 7 shows the calculated and measucéd
axial ratio as a function of pressure for the ,6Jén; disor-
dered alloy. The structural behavior of this alloy was previ-
ously modeled by an orderg@2) CeTh compound.These
earlier calculations predicted unrealistic low-pressure behav-

ior for this system, where the axiala ratio first decreased  \we have presented accurate electronic-structure calcula-
with pressure and suddenly jumped to a high value closer tQons for the Ce-Th system. Generally, the theory reproduces
the measure value at a higher compression. It wagyperimental data very well. The structural pressure depen-
speculatetithat the discrepancy with experiment was due togence is well understood and driven by the increased pres-
the failure of modeling the disordered alloy with an orderedgpce off electrons under pressure. Ce, Th, and thg;Tie;
compound. Here we can address this question explicitly begisordered alloy behave rather similarly, although Ce has in-
cause the EMTO-CPA formalism allows us to treat the alloyiermediate phases in the phase diagram at about 100 kbar
more realistically. The EMTO-CPA calculations confirm that {hat do not exist in Th and the G&hs, alloy. Consequently,

the fcc— bet phase transition begins between 100-200 kbakne fce— bet transition is of the first order in Ce but notin Th
which is close to the corresponding transition in Ce metab g the Cg;Ths, alloy. For this alloy a CPA treatment is

(120 kbay, but considerably lower than for T30 kbaj.  necessary to reproduce, at least qualitatively, the correct
Our calculations thus reproduce the experimentakiyctural behavior.

observatioh that the fce—bct transition pressure is a
strongly nonlinear function of Th concentration in the Ce-Th

IV. CONCLUSION
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