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Electronic-structure calculations of elemental praseodymium are presented. Several approximations are used
to describe the P electrons. It is found that the low-pressure, trivalent phase is well described using either the
self-interaction correcte€SIC) local-spin-densityLSD) approximation or the generalized-gradient approxi-
mation(GGA) with spin and orbital polarizatiofOP). In the SIC-LSD approach the Prelectrons are treated
explicitly as localized with a localization energy given by the self-interaction of thebital. In the GGA-OP
scheme thd-electron localization is described by the onset of spin and orbital polarization, the energetics of
which is described by spin-moment formation energy and a term proportional to the total orbital mbfnent,

The high-pressure phase is well described withftiedectrons treated as band electrons, in either the LSD or
the GGA approximations, of which the latter describes more accurately the experimental equation of state. The
calculated pressure of the transition from localized to delocalized behavior is 280 kbar in the SIC-LSD
approximation and 156 kbar in the GGAP approach, both comparing favorably with the experimentally
observed transition pressure of 210 k&0163-182807)01136-3

I. INTRODUCTION a-uranium (@-U) structure accompanied by a 9-10 % vol-
ume collapsé&-° The a-U structure is thought to be associ-
The series of lanthanide and actinide metals exhibit a rickated with itinerant -electron behavior, for which reason this
variety of structural phase transitions as a function of exterphase transition is believed to mark the onsef-@lectron
nal pressuré? In the pressure range 0—-150 kbar, the se-delocalization. Thus the crystallographic transition is likely
quence of hexagonal close-packéttp structure— Sm  to be driven by a simultaneous electronic phase transition.
structure— double hexagonal close-packéthcp structure Theoretical work using band structure calculations based
— face-centred cubi¢fcc) structure— distorted fcc struc- O the local-spin-densityl. SD) approximation to density-
ture generally is observéd and understood in terms of a functlonal. theory has_ ponflrmed that in order to reproduce
transfer of valence electrons froep into d charactef. At the experimental equmt?rlum volume tHeelectrons should
higher pressures, volume collapse transitions are sometim t be trgf‘}gd as bandiike, but rather be kept as frozen core
observed for the earlier lanthanides and medium-heavy a&ectrons.” If itinerant f electrons are allowed for in the

tinides and attributed to the sudden delocalizatiori efec- calculations they contribute sgph_large extra cohesion as to
_ produce much too low equilibrium volumes. The LSD

trons with asspmated Increase in che-m|cal bindirig ground state of the lanthanide metals calculated in this way
Praseodym.uljm metal faI_Is into this general pattern. Alig gualitatively wrong, due to the fact that the formalism does
ambient conditions Pr attains the dhcp structurej .but at 4ot generally allow for a possible energy gain by localiza-
pressure around 40 kbar a structural phase transition to thgy, “The generalized gradient approximati@BGA) does
fce structure is observed, and at still higher pressure62 ot glter the situation, although the volumes of the itinerant
kban a distorted fcc structure is seBrhese low-pressure phases are improved in comparison with LED.
phases are all characterized by relatively high symmetry Recent developments in electronic structure schemes us-
and/or quite good packing ratios and no particular volumeng orbital polarizatio' (OP) and self-interaction
collapse is associated with the phase transitions. It is becorrection$®® (SIC) have provided frameworks for the de-
lieved that thef electrons are localized in these phasesscription of the transition from localized to delocalized be-
which, for example, is corroborated by the fact thafbéing  havior of thef electrons. In the orbital polarization scheme
trivalent but having nof electron$ exhibits the same se- thef electrons are treated as band states, but a term is added
quence of structures as the lanthanides and the heaviers the total energy functional to improve the description of
actinides’ In contrast, aP~210 kbar Pr is observed to un- the intra-atomic interaction energies. This term lowers the
dergo yet another structural phase transition to thesnergy of one-electron states of a given spin and with a large
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m, quantum number, thus facilitating the formation of sig- Hubbard-like term is added to the LSD Hamiltonian. This
nificant spin and orbital moments. At large volumes, whenscheme has been applied successfully to well-localized sys-
f-electron states have little overlap with their neighbors, dems like NiO (Ref. 23 and KCuR;,** but in view of the
complete spin and orbital polarization is favorable, and as #arge value of the added term it will overestimate the ten-
consequence of the fillefi subbands thé electrons do not dency to localization, i.e., it is only applicable to well-
contribute to the cohesion. Upon compression, the increasd@calized systems but less appropriate for systems on the
f-electron hoppn’]g matrix elements favor band formationborder”ne. There is some Uncertainty in determining the
and the orbital polarization decreases gradually until eventucompensating term in the LDAU energy functional, so the
ally the f electrons exhibit full itinerant behavior. In appli- localization energy for a Cé electron in this scheme is not
cation to Ce(Ref. 14 a Maxwell type instability loop was €asy to assess. The LDAJ calculations of Ref. 25 showed
observed in the calculated pressure-volume curve giving risthat aU value of 5-6 eV is appropriate for Ce, if a local
to a first-order transition from localized to delocalized moment shall be formed at thephase volume but not at the
f-electron behavior. The calculated transition takes place at @-Phase volume. This is also the value generally accepted
somewhat too negative pressure compared to the experimefiom _photoemission  experimerfts. However, Sandalov
tally observedy— «a transition. When the same theory is €t al?’ elaborated on this and found that in a more realistic
applied to Pr, a similar decrease of the orbital moment idmplementation a localization of thiestates was found at a
observed at a volume corresponding to the experimental volower value of the Hubbartl, ~3 eV. If one believes that
ume of the localization-delocalization transition, however,thea phase of Ce has delocalizédtates one must conclude
not with a Maxwell loop in the pressure-volume relation. that the LDA+U overestimates the tendency to localization.
The orbital polarization scheme has been very successful iflthough it has not been investigated in detail it is likely that
describing the orbital moment formation in systems like ura-within the LDA+U approach the # states of Ce are essen-
nium compound¥ as well as the magnetocrystalline anisot-tially localized up to several hundred kilobars.
ropy of A metals!® where thef andd electrons, although In the present work we have undertaken the investigation
correlated, are best described as delocalized. of the structural phase transition of Pr, observed to occur at
In the self-interaction corrected LSD formali$ti®(SIC- 210 kbar, using the SIC-LSD and orbital polarization
LSD) the energy of a localizeti electron is corrected for the Schemes and find that both schemes are adequate for the
spurious self-interaction inherent in the LSD formalism. Thislow-pressure localized phase, while the high-pressure delo-
provides an energy functional, which may be minimized ei-calized phase is best described with the GGA. In Sec. Il the
ther by a set of delocalized Bloch states or by a set of state8IC-LSD and OP schemes are briefly described, while Sec.
of which at least some are localized, i.e., of non-Bloch form.Ill presents the results of our calculations together with a
By comparing the two competing minima of the SIC-LSD discussion.
total energy functional one may discuss the two sides of the
localized-delocalized transition. Applied to (Refs. 15, 16, Il. DETAILS OF CALCULATIONS
and 20 the SIC-LSD scheme has been very successful in . 1920
describing they— a phase transition, even at finite tempera- In the SIC-LSD appro>'<|mat|dﬁ' one subtracts from the
ture. The SIC-LSD approach has recently been applied to prSD total energy functional the seIf-CouI_omb and self-
(Ref. 21 at the experimental lattice constant and was founoexchange-correlatlon energy for each occupied electron state:
to improve the description of the Fermi surface of Pr. In this
study the drastic improvement of the SIC-LSD approach ES'C[{%}]:E (ol —Alp)+U[N]
compared to the LSD was due to the fact that the occupied Pr a
f states are removed from the Fermi level.
In comparison to the orbital polarization scheme the mo- + E!;CSD[n_]+ vex{n]_E 8us (1)
ment formation energy of ah electron in Ce is~2 times @
larger in SIC-LSD (~—64 mRy in SIC-LSD compared to
~—30 mRYy in the orbital polarization schemdhese mo-
ment formation energies do not represent the total energy 5a=U[na]+E§§D[n_a]- )
change when a system undergoes a delocalization-
localization transition, since the loss in band formation enHere, ES'C is written as a functional of a set dfl oc-
ergy is a balancing contribution. The fact that thecupied orthonormal single-electron wave functiogs, .
Iocallzanpn—delocal|_zat|on transition pressure is somewhal,” is the total spin density of the systemm(r)=
too low in the orbital polarization scheme~(-50 kbaj 1 | —nl(P) +n! dnis th in den-
(Ref. 14 but about right in the SIC-LSD theory«(~7 kbay (1 (.0 (N)n(r)=n (1) +n'(r), andn, is the spin den
(Refs. 15, 16, and 20suggests that for Ce the magnitude of Sity of the ath state.U[n] andE,;"[n] are the Coulomb
the localization energy in the latter scheme is essentially corand the exchange-correlation energies of the electron gas,
rect. The functional dependence of the localization energy ofesSpectively, whileVe,{n] denotes the interaction energy
the number off electrons is quite different in the two With the lattice of ions. . _
schemes, being approximately linear in SIC-LSD and scaling The last term in Eq(1) represents the self-interaction
like the sum of the square of the spin and orbital angulaforrection, where for each occupied orbig] the Coulomb
momentum in the orbital polarization energy. A third calcu-and exchange-correlation energies of the corresponding spin
lational scheme often used to describe orbital polarizatiomensityn, are subtracted. As written in E€L), ES'C appears
and localization effects is the LDAU theory?> where a to be a functional of the set of occupied orbitals rather than

where
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of the total spin density only, lik&"SP. By a reformulation

it may be showt??® that ES' can in fact be regarded as a
functional of the total spin density only. In periodic solids
the SIC-LSD constitutes an extension of LSD in the sense
that the set of Kohn-Sham orbitals which minimEgE°° also
provide a local minimum oE5'°.2° The question is whether

a set of single-particle states, not all of Bloch form, exists
such thatES'® has a lower energy when evaluated with these

E (mRy)
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orbitals. When this occurs, the self-consistent value of the 50 .
self-interaction represents the localization energy for that SIC-LSDYfcc)
particular orbital, which has to be balanced by the loss of

band formation energy. For the actual implementation of the 10 20 30 f 40

minimization of the SIC-LSD energy functional the reader is

v (A3)

referred to Ref. 20. The details of the present calculations

were identical to those used for Ce in Ref. 20. In particular, FIG. 1. Total energy of praseodymiuin mRy/atom, with an

the electron eigenstates were expanded in a double tighgrbitrary energy offsgias a function of atomic volumgn A®). The
binding linear-muffin-tin orbital§LMTO) basis sef® In this ~ curve marked SIC-LSfcc) corresponds to the calculation in the
way the % and 5 semicore states of Pr as well as énd ~ fcc structure with two localized electrons per atom, while the
6p hybridization may be described. In addition, the atomicCurves marked LSfcc) and LSD(-U) correspond to itinerartk
sphere approximatiofASA) was applied for the SIC-LSD eleqtrons, in the fcc.and-U stru'c.tur.es. The arrow indicates the
calculations, i.e., the crystal volume is divided into slightly POsition of the experimental equilibrium volume.

overlapping atom-centered spheres, inside which the poten- i i ) o

tial is taken spherically symmetric. The full-potential LMTO @nd Wannier representation are equivalent. A similar reason-
method®-32 which does not invoke this approximation, was iN9 has been used in previous studies of systems with half

applied for thea-U structure and for the calculations using filled shells, where the onset of spin polarization represents
the GGA to the exchange-correlation energy. the onset of localizatioff In the two theoretical methods

In the orbital polarization schent8a term used in the present paper localization is described in the
same way, although at first sight the mechanisms for driving
localization seem somewhat different. The common signa-
ture of localization in the SIC-LSD and OP schemes is the
occurrence of one or several narrow electron states, which
is added to the LSD total energy functional. HelEg,is the ~ are completely filled and drawn away from the Fermi level.
Racggh parameter, related to the well-known Slater integrals

Fy: lll. RESULTS
E3=(5F,+6F,—91F)/3, (4)

1
Eop= — EE3L§ 3

In Figs. 1 and 2 the calculated total energy of praseody-

, ) mium is shown as a function of atomic volume. In Fig. 1 two
while L, is thez component of the total angular momentum. ., es show the positions of the two local minima of the

The origin of the OP energy is from simple considerationsg | sp energy functional in the fcc structure, which cor-
over thef _electrosltatlf ﬂd dex%hzillng_e err]1erg|es of the \Iiar'oﬁspond to localized or delocalizdédelectrons, respectively.

terms of incompletely filled shells in the Hartree-Fock ap-\, ihe |atter case, the SIC-LSD approximation is identical to
proximation, where it is observed that the lowest multiplety,. | gp approximation. The third curve in Fig. 1 represents

(i.e., maximalS andL, according to Hund's first two rulgs o energy of Pr calculated in theU structure with the LSD
of a given configurationf(’) is lower than the mean energy ,o06yimation, i.e., also with theelectrons treated as delo-
of that configuration, the Grand Bary Center, by approxi-

mately Eqp.3>* Therefore the rationale of introducing the
OP energy correction is that this atomic term energy differ- 100 . T
ence is not represented by standard LSD or GGA calcula-
tions. In analogy with Stoner theory of spin magnetm,

where a term—%IS§ describes the extra exchange energy
associated with spin polarization, the energy functional of
the orbital polarization is- %E3L§. The spin magnetic inter-
action energy is of course inherent in the LSD energy
functional®® In the OP scheme the onset of localization is 50k
signaled by the formation of a large spin and orbital moment,
when the intra-atomic interaction energi@s this case the

spin polarization andEgp termg dominate over the inter- 10 20 30 f 40
atomic interactiongdi.e., the hopping integralsleading to Vv (A3

one or several levels being pulled below the Fermi level, and

consequently becoming completely filled. These levels then FIG. 2. Same as Fig. 1 but with the GGA and GGAP ap-
represent a localized situation, since for filled bands a Bloclproach.

GGA(0-U)
50 .

E (mRy)

GGA+OP(fcc)
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calized. Due to the relatively low symmetry of theU struc-
ture, the total energy of this phase cannot be accurately cal-
culated within the ASA. Therefore the-U curve of Fig. 1 400
was produced by calculating the total energy difference be-
tween thea-U structure and the fcc structure with the full
potential LMTO method! and adding this quantity to the
fcc LSD total energy as calculated in the ASA.

The lowest total energy is found for the SIC-LSD curve,
i.e., when thef electrons are treated as localized and self-
interaction corrected. The equilibrium volumev§®°'=32.0
A3, which should be compared to the experimental value s s
VEP'=34.6 A®3" The magnitude of the self-interaction cor- 10 2 A8 80 40
rection at the eqilibrium volume i§,=65 mRy|[cf. Eq(1)] V&)

per f electron, so that_ the Ipcf’:llization energy gain-430 FIG. 3. Equation of state of praseodymium, based on the calcu-

mRy per Pr atom. This gain is counteracted by the 10SS Ofyions of Figs. 1 and 2. The volume is in*Aand the pressure in

band formation energy12 mRy per atom, so that the net kpar. Experimental data from RdB] are marked with e.

energy difference between the SIC-LSD and the LSD o

minima at the egilibrium volume is-118 mRy per atom. description of the collapsed phase of Pr may also be

The theoretical bulk modulus igghem: 289 kbar, which achieved within the GGA. To investigate this we calculated

compares favorably with the experimental value ofthe total energy of Prwith the GGA, as shown in Fig. 2. In

BSXP=306 kbar®® The pressure derivative of the bulk modu- thfl1$' f%gure. the_loc_:lahlzed pr;]asesoé PVS'S descnbe(:] V;”thdthe OP,
1theo'_ 5 g | the present study we ignore the actua/which quite similarly to the SIC-LSD approach leads to a

lusisBy = 3 .
dhcp ground state structure of Pr at ambient pressure, sin@§'0-Pressure volume of 30.0 AThe equation of state of
the a-U structure is considerably improved by the GGA

our main focus is on the large volume collapse localization X ) i
delocalization transition. The total energy versus volumdunctional, as will be discussed below and may be seen, for
curves of the trivalent dhcp, fcc, and distorted fcc phases ar'Stance, by the fact that the minimum of the total energy
bound to lie very close, since the volume changes on transEUrve for thea-U structure is found at almost 10% larger

tions are rather small, so we have chosen them to be repréolume (at 21.8 R, instead of 20.0 A). _ _
sented by the single fcc total energy curve of Fig. 1. . The common tangen.ts in Figs. 1 and 2 define the transi-
For the dense phase it is seen that thé) structure is fuon pressure from localized toﬂgie%locallzédaleqron behav-
considerably more favorable than the fcc phase wherf the 07; Which is calculated to b&; —280 kbar in the SIC-
electrons are considered to be itinerant, in accord with th&SD calculation of Fig. 1 andP3°”=156 kbar in the
fact that this structure often appears in itinerértlectron ~GGA+OP calculation of Fig. 2. The experimental transition
metals. As recently explainéd this originates from a sym- pressure isP®=210 kbar. The high and low volumes on
metry breakingJahn-Teller/Peierls-likemechanism, where each side of the transition are in the SIC-LSD approach
electron states which are degenerate in the high symmetiyir°=19.9 A% and V{i*®=16.4 A3, corresponding to a
phase may become nondegenerate in a crystal with lowek7.6% volume collapse and in the GGAP approach
symmetry. One or several of the degenerate states are th&f)}e®=20.7 A% and Vi*®=18.4 A3, corresponding to an
lowered whereas others are raised in energy. If the statekl% volume collapse. Experimentally, the same quantities
being raised in energy end up above the Fermi level, thare VE*=21.7 A% and Vf**'=19.7 A3 with a volume col-
system will gain energy from the bands which are loweredapse of 9.3%.
and lose no energy from the states which have moved above The calculated pressure-volume curves from the SIC-LSD
the Fermi level, i.e., a net energy gain is achieved. It wasind OP-GGA approximations are shown in Fig. 3 and com-
demonstrated that this mechanism is operational in all metalsared to experimental dataFrom Fig. 3 it is seen that the
with narrow bands in the vicinity of the Fermi level, be it SIC-LSD formalism provides a fairly accurate description of
itinerant f-electron systems or normalpd metals at artifi- the low-pressure phase of praseodymium, while the high-
cially expanded lattice constants. pressurex-U phase is less accurately described, but greatly
The parameters of Pr in the-U structure were taken to improved by the GGA. In the SIC-LSD approach the quali-
be equal to those of U, i.e., neither théa andc/a ratios nor  tative features of the localization-delocalization transition are
the internal displacement parameter were optimized. Thehus reproduced, but the transition pressure is too large, and
structural parameterd/a and c/a, derived experimentally the volume collapse is almost twice as large as observed
for Pr (Ref. 7 do not differ substantially from those of U experimentally.
used here. Such an optimization is feasible but computation- In the GGA+OP approach the transition pressure is too
ally demanding. It will lead to a total energy curve for the low, and the volume for which the transition occurs is also
dense phase, which lies somewhat lower than the curve isomewhat too low. However, the volume collapse is about
Fig. 1, but the energy gain on optimization is modest com-correct. The difference from the SIC-LSD results is partly
pared to thewn-U—fcc energy difference. due to the larger volume of the-U structure in the GGA
Recently, it was demonstrated that the GGA substantiallyand partly due to a lower localization energy compared to the
improves the equilibrium volume ifrelectron system&in-  SIC-LSD approach. In the SIC-LSD approach the moment
cluding thea phase of Ce, and one may hope that a betteformation energy is 118 mRy as compared to 80 mRy in the

200

P (kbar)
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GGA+OP scheme. When inspecting thé Wbcalized phase quantity in any case—rather the kinetic, potential, and ex-
we note that the SIC-LSD approach reproduces the experzhange and correlation energies are the important factors.
mental equation of state slightly better than the GE2P  These terms are very similar in the two approaches, which
theory. may be seen from the moment formation energy which dif-
fers by some 40 mRy. In the volume interval where the tran-
V. CONCLUSIONS sition occurs a shift of the total energy curve by this amount
~does not have a dramatic influence on the qualitative inter-
In summary, we have reproduced the observed transitioretations, but may cause the discrepancies in the calculated
in elemental praseodymium from a low-pressure closetransition pressures.
packed phase to a more open high-pressure structure. We The origin of the OP correction is intimately connected to
explain this phenomenon as due to a localizationyhe gifferent angular behavior of the differentrgy) orbital
delocalization transition of thef4electrons, where at suffi- states, and from this it follows that the Coulomb and ex-
ciently large 4 wave function overlap the kinetic energy change energy is minimized for a population of states which
gained in the band formation becomes larger than the locals gjven by Hund's rules. This mechanism should be possible
moment formation energy. This conclusion was reached byo capture also in a SIC formalism if it could be applied to a
means of two different, commonly used approaches for corpgtential with full angular behavior. Such a theory which
transitions. The two approaches seem at first sight quite difproperly the Hubbard-like Coulomb correlations would
ferent in nature but yield the same qualitative results, with &learly be an extension of this work. This could possibly

decent description of the observed volume collapse of Phccount for the remaining discrepancies between theory and
metal. The volume collapse is in both theories explained agxperiment.

due to an onset of delocalized 4£lectron behavior. There

are some differences in the quantitative results from the two

theoretical schem_es, as is also the case in Ce metal. How- ACKNOWLEDGMENTS
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