PHYSICAL REVIEW B VOLUME 60, NUMBER 13 1 OCTOBER 1999-

Theoretical study of the pressure-concentration diagram for the Ce-Th alloy system
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The high pressure and low temperature phase diagram of L€HTh, and CeThcompounds has been
investigated and compared to experimental data for thrg&hge, alloys. At higher pressures, the theoretical
calculations compare very well with experimental observations whereas at lower pressures, the agreement is
less accurate. The general pressure behavior of th&hge, is, however, in agreement between theory and
experiment. Analysis of the theoretical model reveals that the phase stability in these alloy systems is driven by
electronic structure effects and in particular an incredsadctron character with increasing pressure. Density
functional theory shows that the Ce-Th alloy systems will undergo crystallographic phase transitions from fcc
to bct at elevated pressures. The transition pressures are shown, in agreement with experiment, to increase with
Th content in the Ce-Th alloy in a nonlinear fashion. At very high pressures, above 200 GPa, The Ce
alloys display a unified picture with a saturate/é axial ratio close to 1.65. Both these features are shown to
be related to the increasdéband character with pressure and the preference for distorted structures which
comes with increasin§relectron dominance. Specifically, our first-principle calculations show thdthhed
population saturates to about X.Blectron at high pressures over 200 GPa explaining the saturation ofathe
axial ratio for the Ce-Th alloys. Simple model calculations, utilizing unhybridized and pure canbharads
in conjunction with Madelung energy corrections, show that-atectron metal with about 1.6electrons,
stabilizes in the bct structure with an axiela ratio close to 1.65, in accordance with the first-principle
calculations and available experimental d4&0163-182@09)05837-3

[. INTRODUCTION phase diagram with two fcc phases, theand thea phase.
The latter is considerably denser than the former and there is
The lanthanide and actinide metals have been the focus @f volume collaps€16%) associated with the phase transition
intense research, experimental and theoretical, during thieetween these two phases which occur-al GPa at room
past decadeks? Their electronic structure is very pressure temperature. The nature of this transition is the subject of
dependent; lowering of thé&band relative to other bands some controversy although there is evidence that one could
favor f-electron character and as a consequence crystallglescribe this in terms of arf delocalization (Mott)
graphic phase transitions may occur. As the narfdvands transition® At somewhat higher pressures the controversy
become populated in the Ce-Th systems their fcc structureontinues with another phase transition at about 5 GPa. Ex-
becomes increasingly unstable compared to lower symmetrgerimentally, two structures have been suggested for this
structures and eventually they undergo phase transitions. Thhase, the orthorhombiax() (Refs. 6,7 and the body cen-
reason has been explored in detail and can be compared tdered monoclinic &”) phasé Recent experimental studfes
Jahn-Teller or Peierls distortion where a symmetry breakingf this part of the phase diagram of Ce indicates a phase
mechanism takes place to lower the energy of the syStemmixture of @’ and @” which is consistent with previous
This mechanism is intimately linked to the occurrence ofmeasurementsMcMahon and Nelmé$ also suggested that
narrow (f) bands in the vicinity of the Fermi level and is the confusion regarding the’ and «” phases have arisen
responsible for the complexlistorted and with low symme- from sample production and preparation. Theoretical calcu-
try) crystal structures found in the light actinide metal seriedations show that these two structures are indeed close in
as well* On the other hand, at higher pressures all bandsnergy, but generally favor the” phasée:!! This uncertain
broaden and this will decrease the importance of the Peierlggion in the phase diagram of Ce precedes a region in which
distortion. Electrostatic effects and overlap repulsion domithe bct(body centered tetragonaphase is stablg!? Both
nates at higher pressures and they favor more symmetritieory*® and experimefitshow this although the exact tran-
structures over the complex ones. This interplay betweesition pressure is in somewhat disagreement between the
competing effects and their pressure dependence results iwo. At higher pressures theory and experiment agree very
rich and interesting phase diagramd-@fectron systems and nicely and the calculated/a ratio for bct Ce is more or less
in this paper we have chosen to focus upon a subset of thoselentical to the measured one at the same pressure.
the Ce-Th alloys. Thorium, similar to Ce, is fcc at ambient conditions. The
Before discussing the Ce-Th alloys in Sec. Il we would phase diagram of Th, however, is much simpler than that of
like to pay some attention to their pure metal componentscerium with no intermediate phases stable below the fcc to
Cerium has a very interesting and somewhat controversidict phase transition. Again, at higher pressures theory and
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experiment are in great agreement concerningctlzeaxial ‘ ‘ ‘ ' ' ' ' '
ratios™>!*It was found that the/a axial ratio increased with
pressure in these studies but saturated closéae 1.65 for
both Ce and Th. This is true also for their alloys and the -2 1.60 L
explanation for this is investigated below. Both for Ce and &
Th the fce—bct transition pressure is not in exact agreement's 4 55
between theory and experiment but the fact that it is higher*
for Th (theory: 45 GPa, expt: 60 GP¢han for Ce(theory: < 1.50
10 GPa, expt: 12 GPas clear. Thorium requires higher ©
pressure than Ce to stabilize its bct phase and this become 1.45
important for the transition pressures of the Ce-Th alloy; a fee
larger Th content in the alloy will push the transition to : ' : . : :
higher pressures and we will discuss this in detail in Sec. Ill. , 50 Prlé)sosure ( éf,‘;) 200

The paper is organized as follows: In Sec. Il we deal with
details of our calculations and in Sec. Ill show and discuss F|G. 1. Pressure dependence of ta axial ratio in the bct

our results for the G&'h, CeTh, and CeThcompounds and  structure for Ce-Th alloygexperiment and ordered Ce-Th com-

1.65 -

—— Ce,sTh2 o (expt) |

—0—C e,Th (theory)

—m—Ce 3T Ng; (expt)

—0— CeTh (theory)
—a—C eonhso (expt)
—— CeTha (theory)

compare those with experimental data for ,£Té,,, pounds(theory). Filled symbols denote experimental data and open
CeysThs, and CgyThgg alloys. We conclude in Sec. 1V, the symbols theoretical data.
final section.

grid by calculating the so-called Bain transformation path
(total energy versus/a axial ratio of a bct systeit’ For
some volumes up to 15 differenta ratios were considered
Most of our computational details are the same as for oubut for most volumes 7—8/a values were enough to accu-
previous work for Ce and TtRef. 13 but we will repeat the rately determine the optimize@owest energy axial ratio.
more important details. The calculations are performed in the
frame work of density functional theory with a local approxi- IIl. RESULTS AND DISCUSSION
mation to the electron exchange/correlation effects. In prac-
tice we are solving the Kohn-Sham equations self- Our main results are summarized in Fig. 1. Here we com-
consistently for a periodic system. For the exchangepare the calculated/a ratio for three tetragonal Ce-Th alloy-
correlation potential we have employed a modernsystems with experimental dafa® Full line with filled
approximation that introduce corrections from the gradient ofircles denote measureda ratios and the open circles de-
the electron density, the so-called generalized gradiemote theoretical data for the ordered compounds. Let us first
approximationt> Our implementation is without geometrical consider the experimental data. The Ce-rich alloy;cUs,,
approximations for the charge density and potential. We acshows the lowest fce bct transition pressure, 7.4 GPa. This
complish this by dividing space into nonoverlapping muffin-is rather close to the published dfar the fcc—bct transi-
tin sphereg60% of the total volumeand an interstitial re- tion in metallic Ce(12 GPa. At 16.9 GPa the alloy with
gion (40%). Wave functions inside the spheres are expandedimost equal amount of Ce and Th ({GgThy 57 undergoes
in so-called muffin-tin orbitals with tails reaching into the the same transition and at considerably higher 42.9 GPa the
interstitial regions. They have kinetic energy specified by arCe, ,oThg g0 transforms from fcc to bct It is evident that
energy parametern). Depending on sign of this parameter alloys with higher Th content are more stable in the fcc
the basis functions in the interstitial region is either Neu-structure. However, at the highest experimental pressure,
mann or Hankel functions. Actually, two energy parametersy0 GPa, all alloys are bct. The same behavior is found theo-
k?'s, are used for each muffin-tin basis function expandingretically for two of the ordered compounds; the transition
the whole basis set with a factor of(@ouble basis setFor  pressures are 20 GPa and 56 GPa fogT®eand CeTh,
f-electron metals it is standard to also include semicore statagspectively. Both these pressures compare fairly well with
(s and p) to the valence states, p, d andf). Spin-orbit  their corresponding experimental pressures for the alloys and
coupling, in addition to the scalar relativistic terms, was in-the discrepancy is similar to what was found for metallic Ce
cluded in the calculations as a variational term in the Hamil-and Th® The third ordered compound, CeTh, shows a dif-
tonian. ferent behavior with ac/a=1.55 at about 80 GPa. Before
The alloys were approximated by ordered compounds, fostudying this interesting fact in more detail, let us observe
Ce;Th and CeTh we used the CyAu structure(4 atoms/  another general behavior in Fig. 1. At sufficiently high pres-
cell) and for the CeTh we used the CsRlatoms/cell. The  sure, the theoreticaland extrapolated experimentadata
symmetry was lowered to allow tle¢a ratio to be optimized suggests that all compoundand alloys will become bct
as a function of volume. The Brillouin zone sampling waswith a c/a ratio close to about 1.65. This behavior was also
accomplished by the specikipoint method® and each ei- discovered in theoretical calculations for elemental Ce and
genvalue was convoluted with a Gaussian broadening with &h.1® The fact that thec/a ratio is increasing with pressure
10 mRy width. The number ok points in the irreducible but saturates to about 1.65 at Mbar pressures is related to the
Brillouin zone was 189 and 75 for the CsCl and;Bu driving force behind the stabilization of the bct structure,
structure, respectively. namely, the occurrence dfelectron character in the elec-
The total energy was calculated for 13 volumes for eachronic structure. It was shown by Erikssa al?° that in-
compound. The/a axial ratio was optimized on this volume creasingf-band occupation in Th drove the fedbct transi-

IIl. COMPUTATIONAL APPROACH
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FIG. 2. CalculatedFP-LMTO) f-band occupation number of FIG. 3. The Bain transformation path for CeTh compound at
Ce, Th, and Ce-Th compounds as a function of pressure. about 85 GPa. At/a=\2 the structure corresponds to the fcc
structure.

tion in Th. Th_is Is frue also for Ce and th? present Ce‘Thloy. This may not be surprising considering that the approxi-
systems. In Fig. 2 we plot thieband occupation number for o0 5 model the alloy with an ordered compound is
Ce, CgTh, CeTh, CeTh and Th as a function of pressure. \yq ot in this particular case. It may be necessary to use more
Notice that the plots begin to converge gt a pressure of abolébphisticated alloy approximations such as Cfaherent
200 GPa(2 Mbay. The f-band populatlon is close to the otential approximationto accurately describe the low pres-
same for all these compounds at higher pressures and consg;,o phase diagram of GgThy s,. Sometimes a much sim-
quently their structural be_havior becomes very simillar. No'pler approach has been subcessfully applied for alloys,
tice also that the occupation of tlﬁé)_and decreages with Th namely, the VCA(virtual crystal approximation in which
content at all pressures. This explains why a higher pressuige a10ms in the true alloy are replaced by “average” atoms,
(rﬁsgltrllng In a h%helf—bandhp%pulbatlo)w IS r)geded f(;r tTde b whose atomic number is the concentration weighted atomic
Th-rich compounds to reach the bct transition. It should b&,,\her for the alloy. In the spirit of the VCA, calculations
noted here that these occupation numbers are obtained fro\%re also performed for a hypothetical ThPa alloy at 85 GPa.
projections of electronic states inside the muffin-tins spheregrhis alloy was mixed such that tHeband occupation was
and not from the interstitial regions in our calculations.the same £ 1.1f) as for the ordered CeTh compound at this
Thereiore these numbers are approximations but_are NeVeltessure. The appropriate concentration was 65% Th and
theless_accurate fpr studying Fhe trends, especially whe 5% Pa to accomplish this. Then, for this hypothetical sys-
comparing calculations done with the same volume of thPtem, we calculated the Bain path and the results are com-
muffin-tin s_pheres. . . . Ipared to the CeTh ordered system in Fig. 5. Notice that the
As mentioned in the previous section, our calculations fotWO paths show similarities in that they both have two
the ordered CeTh compouri@sCl structurgare in disagree- minima, one belowc/a= 1.414 (fcc) and one above. How-
ment with measurements for the £61hs; alloy, although ever, tr;e hypothetical ThPa alloy is stable at the lager
at higher pressures, close to 1 Miap0 GPa, extrapolated value and the CeTh at the lowefa value. In this regard, the
experimental data seem to lie close to the theoretical result%hpa VCA alloy is similar to the other Ce-Th system’s The
see Fig. 1. !n calpulatmg the full Bam paﬂtotal €Nergy — difference between our VCA ThPa and our ordered CeTh
versusc/a axial ratio for a bct systeiit was discovered that . 1ations can not be explained by thband population
there were two minima in this transformation path. One was
for ac/a above fcc ¢/a=\2) and one below. At about 85 ——
GPa these two minima are rather close in energy, see Fig. & I
This behavior with two, almost degenerate, local minima in 1.60 i CeTh ]
the Bain transformation path was not found in the other or-.9 ; 55| 1
dered compounds in this study and was not found in thes A ]
study of metallic Ce and Th eithe? As a consequence, the — 1.50F .
pressure dependence of théa axial ratio for CeTh is very ‘% I ]
interesting and plotted in Fig. 4. At a rather low pressure of I
about 10 GPa this compound undergoes a phase transitios 1.4¢ |'Ne fec . i

from fcc to bet with ac/a ratio below 1.414 (2). Thec/a

T T T T T

1.45 _

ratio is slowly decreasing with pressure down to about 1.32 1-35F 7
at about 85 GPa. Then at higher pressures dte ratio L 1 C
jumps up to about 1.55 and continues to slowly increase with 50 100 150 200
pressure. At pressures above 1 Mi§a00 GPa the CeTh Pressure ( GPa)

compound behaves similar to the other ordered compounds
in this study. Below about 85 GPa this CeTh compound is FIG. 4. Pressure dependence of tie axial ratio for the CeTh
not in agreement with experimental data foryGfhgs7al-  compound.
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FIG. 5. Bain transformation paths for CeTh order compound FIG. 6. Bain transformation path estimated from a simple ca-

and ThPa alloyVCA see text at about 85 GPa. nonical band model using 1.6 electron band-filling. The inset
shows contributions from the canoniddband energy including the

Born-Mayer overlap repulsion together with an estimate of the elec-

. . trostatic Madelung contribution.
alone because it was the same for both calculations. Instea g

one has to conclude that other effects, related to the compo-
sition of the alloy, make the difference. It seems reasonabl
that also the difference between our ordered CeTh compou
and the CgasThy 57 alloy is related to our approximation of
the alloy with an ordered compound.

d 5 bonded material, it is likely that their structural sta-

lity is very similar as well.

At lower pressures some differences were found in com-
paring the theoretical with experimental data, most notably
for the CeTh compound. Some discrepancy at lower pres-

IV. CONCLUSION sures was certainly expected since this was the case also for
the pure Ce and Th metai$put for the equal amount CeTh

We have performed first-principles calculations for or-alloy the discrepancy was surprisingly large. We argue that
dered Ce-Th compounds in order to explain the low temperafor this alloy our model with the ordered CeTh compound is
ture phase diagram of Ce-Th alloys. There is good agreemenbt a good approximation at lower pressures and as a result
between theory and experiment at elevated pressure whereid® calculatedc/a ratio is much lower than for the corre-
at lower pressures there are some discrepancies, especiadiponding alloy. Calculations using VCA and a hypothetical
when comparing ordered CeTtheory with the Cg 4sThys;  ThPa alloy supports this suggestion.
alloy (experiment Two trends are identified when studying ~ Our main conclusion is that the structural behavior of the
the high pressure behavior of Ce, Th, and their alloys. Firststudied Ce-Th alloys is determined by the occurrence of a
the amount of Th in the alloy is very important for the tran- partially filled f band in these systems. To illuminate this
sition pressurgfcc—bct), and a higher Th content pushes conclusion further we can isolate tifivand contribution to
the transition to higher pressures. Secondly, all alloys anthe bct stability in a simple model. Using canonical band
their components behave similarly at high pressures, antheory combined with Pettifor's structure theorem and an
they attain the bct structure with@a close to 1.65. These analytical Madelung correction we can estimate the energy
two general features can be understood from filling offthe of the Bains transformation path for a hypothetical metal
band in the Ce-Th alloy systems. First, thieand is respon- with arbitraryf-band occupation. This simple model was de-
sible for the tetragonal distortion of the crystal structure inscribed in detail in a paper by 8erlindet al?! It suffices to
these alloys. Thé-electron character is shown to increasesay that the model includes bonding energy from occupying
with pressure and eventually this will drive the febct  unhybrized(element independentanonicalf bands, Born-
transition. Ce and the Ce-rich alloys have mbitates oc- Mayer overlap repulsion, and electrostatic Madelung contri-
cupied at lower pressures than Th and consequently the trabution. In Fig. 6 we show the results from these model cal-
sition will occur earlier(lower pressurés We also show that culations. The results depend upon the choddrand
the f occupation increases faster for Th and Th-rich com-occupation and in this example we used flefectrons which
pounds as a function of pressure than for Ce and the Ce rictorresponds rather closely to the high pressure state of the
compounds. At Mbar pressures théand population satu- studied Ce-Th alloy systems. Note that the path has two
rates close to 1.5 electrons for all systems and at these minima with the global minimum being located at about
pressures all alloys are stabilized in the bct structure wittc/a=1.75. The overall shape of the Bain path is rather simi-
nearly the same/a ratio (close to 1.6% This demonstrates lar to that of the ThPa alloy in Fig. 5, although here the
an intimate connection betweéand occupation and crys- minimum in energy occurs at a somewhat lowgi65 c/a
tal structure. This connection is quite often found, both forratio. Even in absolute numbers they compare well; the en-
f-bonded andd-bonded materials, and the explanation forergy difference between the minima in the Bain path and the
this is that the shape of tHéband is quite similar for #fand  bcc structure ¢/a=1) is about 20 mRy for the simple ca-
5f states, apart from the fact that thé Bands are narrower. nonical band model which is in close comparison to the 18
Hence, if the occupation of theband is the same for af4 mRy for the same difference for ThPa alloy. The success of
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