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The difficulty of converging the contribution of the spin-orbit interaction to the total energy withils an
basis in actinide electronic structure calculations is discussed in detail. In particular, it is demonstrated that the
source of the poor convergence is the treatment of the actinidstétes. The limitation of the standard
approach to relativity in full potential methods is manifested in muffin-tin based methods by a dependence of
the total energy on the choice of muffin-tin radius. Despite this limitation it is found that structural phase
stabilities are not affected, nor are pressure induced phase transitions. In order to treat the relativistic spin-orbit
coupling in as large a part of space as possible one should, in muffin-tin based calculations, use a radius that
is touching, or near touching, for all calculated volumes.
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[. INTRODUCTION orbit interaction in a finitels basis, influences calculated
ground state properties, and to estimate the magnitude of
During the past three decades, many first principle calcuthese effects.
lations of cohesive and structural properties and the elec-
troni_c structure of the _Iight actinides have_ been Il. CALCULATIONS
published:~* These calculations have been done with vary-
ing degrees of sophistication, ranging from scalar relativistic Calculated results in this paper were obtained using two
local density approximatioilLDA) calculations within the full-potential electronic structure methods, the FPLMTO
atomic sphere approximation to relativistic full potential cal- method™* and the FLAPW methodf We have treated tho-
culations based on the generalized gradient approximatiofium, a monoatomic actinide metal with a simgfec) struc-
(GGA). Due to different approximations involved, somewhatture, but the conclusions drawn from our paper are valid for
different results for equilibrium volumes and bulk moduli all the actinides and even the lanthanides. The calculations
have been obtained; typically, theoretical volumes are lespresented here used the GGA formulation of Perdew and
than experimental volumes. In addition, localization Wang, sixty points in the irreducible part of the fcc Brillouin
phenomend,thermal expansiolt cohesive energi€s® and ~ zone:® and an angular momentum cutoff,,=8. The
structural properties of the actinides at both ambient and elFPLMTO calculations useds 6p, 7s, 7p, 6d, and &
evated pressutet**have been calculated; agreement withfunctions, in a single, fully hybridizing basis set. Both the 6
experiment for these properties is generally good. and & and the B and 7p states were treated with a “triple-
Although some aspects of actinide electronic structurkappa” basis, whiled and f bases were treated with a
theory have been quite well developed, predicting, for ex-‘double-kappa” basis. The FLAPW calculations used a ba-
ample, pressure induced phase transitfois!® we have sis set with a plane wave cutoff d,,,Sy=11. All other
found that there are limitations, even with state of the arparameters were set as close as possible to the FPLMTO
theoretical full potential methods, to the usual treatment otalculations.
relativity in the actinides; i.e., with the diagonalization of the ~ We have discovered that the treatment of the spin-orbit
Dirac Hamiltonian within a finite scalar-relativistic basis. In interaction in the FLAPW method requires special treatment
this paper we illustrate the problem, discuss its origin, andvhen applied to actindes. Both the FPLMTO and FLAPW
evaluate the extent to which it influences calculated groundnethods diagonalize a relativistic Hamiltonian using a scalar
state properties, such as equilibrium volumes, the equation ag€lativistic (Is) basis set. In the FPLMTO method, this is
state, and cohesive energies. We will focus in particular ordone in a “first variational” step. This means that the full
the calculation of equilibrium volumes. To insure that our Hamiltonian, including the spin-orbit interaction, is diago-
results are independent of computational method, we havealized in a single step, using the full basis set. In the
used two different methods, the FPLMTand a FLAPW®  FLAPW method, a “second variational” method is used.
method. These methods are demonstrated, in this paper, o this method, one first diagonalizes a scalar relativistic
give essentially identical results. Hamiltonian, to give scalar relativistic eigenvalues and
Due to the increased attention that is recently being paigigenvectors, then the lowest of these scalar eigenvectors are
to the electronic structure of the actinides, and since relativiised as a restricted basis set for diagonalizing the full Hamil-
istic effects are known to be important for these systems, it isonian (including the spin-orbit interaction The second
important to clarify this issue. In particular, it is important to variation is used, of course, to reduce the size of the secular
establish the extent to which the poor convergence of thenatrix of the full Hamiltonian: The size of this secular ma-
total energy, arising from the diagonalization of the spin-trix can be characterized by an energy cutoff. It is usually
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FIG. 1. The total energyE, of fcc Th as a function of the
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found that only the occupied eigenstates and a few of the
states just above the Fermi energy are needed to describe
relativity quantitatively. In the actinides, this turns out to be g, 2. calculated FPLMTO total energy of Th for fixed
not true. To illustrate this, the calculated total energy of fcCmyfin-tin volume and for the muffin-tin volume being a fixed frac-
Th, using the FLAPW method, as a function of cutoff in tion of the unit cell volume, in the scalar and relativistic approxi-
basis functions in the second variational method is displayeéhation.

in Fig. 1. The results for two different muffin-tin radii are

presented in this figure. The most important result of Fig. 1 isbeen established as discussed in the previous section, the
that the traditional truncation in the second variationaltotal energies calculated using the FLAPW method are es-
method, usually less than50 eV, is far from appropriate for sentially identical to those calculated using the FPLMTO
the actinides. In order to obtain converged total energies, onmethod. We establish this by displaying energy-volume
needs to include essentially all of the scalar relativistic statessurves calculated using both methods for several muffin-tin
i.e., the first-variational method is necessary. The reason famdii in Fig. 3. It is clear from this figure that the two meth-
this will be clear from the following discussion. ods give similar results, as has been noted in past
studies'’~2° . In particular, the sensitivity in total energy
with respect to muffin-tin radius is equally pronounced in the
FLAPW method and the FPLMTO method.

In Fig. 2 we show scalar relativistic and relativistio- We thus arrive at the conclusion that calculated total en-
cluding the spin-orbit coupling inside the muffin-tin sphere ergies are sensitive to the value chosen for the muffin-tin
FPLMTO total-energy calculations as a function of volumeradius in muffin-tin based full-potential calculations. It might
for two types of choices of muffin-tin radius; one using abe supposed that this sensitivity arises directly because the
constant muffin-tin volume for all calculated volume/energyHamiltonian depends on the muffin-tin radius, since the spin-
points and one using a constant ratio between the muffin-tiorbit interaction is included in the muffin-tin region but not
volume and unit cell volume, for all calculated points. Onin the interstitial region. The discussion which follows makes
way to characterize this is to introduce the ratio between thé clear that this is not the only reason.
muffin-tin radius and the Wigner-Seitz radius, which is Careful analysis of the problem reveals that the source of
called « in the rest of the manuscript. Hence in one of thethe sensitivity is the resolution of the actinide 6tates. The
calculations we keptr constant, in the manner usually done nominal valence bases of the actinides ase 7p, 6d, and
in published FPLMTO calculations, and in the other we var-5f derived states. In lighter elemental materials, transition
ied o with the volume such that the muffin-tin radius,,, metals, for example, material properties near ambient pres-
was kept constant. Note from the figure that the scalar relasure are well described with localized, rather than itinerant,
tivistic calculations show negligible dependence on thehigh-lying core stategsemicore stat¢s We have found,
choice ofa, and the calculated curves lie essentially on tophowever, that for actinidésand even for rare-earths that it is
of each other. In contrast, there is a larger difference betweenecessary to the description of material properties to include
the total-energy curves for the relativistic calculations, resultat least the high-lying corp-states (@ states for actinidgs
ing in differences in equilibrium volumes of some 1-3. A as well as the valence states (P states for actinidgsn a

Once convergence in the second variational approach hdslly hybridizing basis set. We now demonstrate that ac-

Ill. RESULTS
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FIG. 3. Energy vs volume calculated by tf@ FLAPW and(b)  since thep,, is finite at the origin. In principle, it is impos-
FPLMTO methods for several different treatments of the muffin-tingjple to represent @;,, state with a linear combination of
radius. The difference in energy scale is illustrative of the sensitivgcq|ar relativistic basis functions. When we compare electron
ity to the treatment of the 6 states. densities from @ states calculated using different muffin-tin

radii, we find a negligible differencexcept near the origin

tinide 6p’s are the source of the problem by performing averifying this conventional wisdom. The region near the ori-
simple test. The matrix elements of the spin-orbit interactiorgin is small yet it has a significant effect on the magnitude of
involving the @ basis functions are put to zero, then wethe total energy. In addition, there occurs a linearization
repeat the calculations as described for Figs. 1, 2, and 3. Thgroblem, since the radial basis function used for both the
result of this test is that total energies show negligible senép,,, and 63/, bands is obtained from a differential equation
sitivity to the muffin-tin radius, which identifies thepé as  with the same energy parameter,, of necessity chosen
the source of the problem. somewhere between the§, and &5, bands. We conclude

It is easy to understand why relativity is less well de-from the discussion above that the problem of treating rela-
scribed for the @ states, in comparison with higher lying tivity in an Is basis is not specific to muffin-tin based meth-
states. The reason for this is that the spin-orbit coupling i$ds but is generic to scalar bases, i.e., bases not incorporat-
larger than the width of the@®band, resulting in two sepa- ing directly the spin-orbit interaction. Depending on how one
rated @4, and @3/, bands. If the dominant energy of the 6  decides to divide space in muffin-tin spheres and an intersti-
states is the spin-orbit energy, basis functions calculated usial region, somewhat different binding energy curves, equi-
ing a Hamiltonian containing every contribution except thelibrium volume, bulk modulus, and cohesive energy are ob-
spin-orbit term may be a poor starting point for the descrip-tained. This may seem alarming but the effect is of a few
tion of these states. The problem is thus poor convergence ipercent in equilibrium volume, as Fig. 3 demonstrates, for
the contribution of the p states to the total energy, and the fcc Th and for the heavier actinides the effect is similar. This
sensitivity to the muffin-tin radius is a manifestation of the can be seen in Fig. 4 where we show the calculated equilib-
poor quality of the basis for this set of states: a small pertursium volumes of the actinides using different choices of
bation on the basis set causes a relatively large effect on thauffin-tin radius.
total energy. We have performed a series of calculations, One could, of course, avoid the problem described above
using the FPLMTO method, in which the basis set is in-simply by ignoring the spin-orbit interaction all together. As
creased by the addition of higher energystates (®,9p, has been shown before this results in larger equilibrium vol-
etc). The energy change on enriching the basis in this manumes for the light actinideSand better agreement with ex-
ner is much greater than the energy change on changing thgeriment. However, apart from not being based on theoreti-
muffin-tin radius. Enriching the basis with states derivedcal grounds, such a procedure sometimes degrades
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drastically the structural stability of the actinides. As an ex-tion of state studies, since for very compressed volumes es-
ample we mention that the bcc-fcc energy difference of Pwsentially all other contributions to the total ener@yg., band
(V~20A3% is 17 mRy in a scalar relativistic treatment, contribution, overlap repulsion, and Coulomb interaction
whereas a calculation which includes the spin-orbit interachecome very large in magnitude and the total energy changes
tion gives a value of 11 mRy. In this particular case thevery rapidly with volume.
neglect of spin-orbit interaction introduces an error of In addition, we have demonstrated that for the light ac-
~50%. Although there is some sensitivity in equilibrium tinides the second variation approach of incorporating the
volumes on the choice of muffin-tin radius, all other calcu-spin-orbit coupling needs to be handled with great care and
lated properties such as structural stability, electronic struceonvergence in number of basis functions used is not reached
ture, and transition pressures for phase transitions are muehtil almost all scalar relativistic states have been included,
less dependent on this choice of muffin-tin radidata not reducing the second variation approach to the first variation
shown). method. The reason for this is of course that the basis func-
tions used are not very well adapted to describe the relativ-
IV. DISCUSSION AND CONCLUSION istic 6p states, and as a consequence convergence is ex-
tremely slow. In a recent paper by Joresal?* FPLAPW
We have shown that both the FPLMTO and FLAPW cajcylations including the spin-orbit coupling were reported
methods show some sensitivity in calculated total energy anghy the light actinides. In this paper the second variational
hence all ground state properties, with respect to muffin-tigpproach was used. However, no tests of convergence in
radius, when performed relativistically. The effect is demon-cytoff energy in the second variational step were reported,
strated to be of order of a few percent for the light actindiesang since a standard use of the second variational method
One may now ask whether one choice of muffin-tin radius iSsseems  to  have been adopte@truncating at Ecut

better than any other. From a pragmatic point of view one_4q_5q eV) a glance at Fig. 1 reveals that these calcula-
may argue that the choice that results in best agreement Wity s most likely were unconverged.

experiment is better, but it would be much more desirable to Although we have focused here on the light actinides, in
have a theoretical guidance in this choice. The rationale beparticular Th, the demonstrated drawback is of a more gen-
hind the choice of a constant ratio between muffin-tin to unitg5| nature and will be found in any system that has relativ-
cell volume is that one then maximizes the region in spacesiic deep lying valence stateor instance, Y or Cg It
where spin-orbit coupling is incorporated, not only for the yoyd of course be desirable to have a better treatment of the
lowest volume but for all volumes. If one adopts this ap-gpin-orbit interaction for the 6 semicore states, and to re-
proach, one normally considers the crystal structure withyo|ye this problem one could go one step further and develop
smallest interatomic distance and makes the muffin-tin radiug potential method using the Dirac relativistif, k) ba-
near touching for this geometry. This was done in previousis in which the spin-orbit coupling is implicit and exact;
calculations of equilibrium volumes as well as for the manyg,cny calculations would also help resolve the debate over

successful studies of structural phase stability and pressuignether to keep the muffin-tin radius constant or to maintain
induced phase transitions in the actinides:'*If one were 5 constant ratio of muffin-tin radius to cell volume.

to chose a constant muffin-tin radius and keep this radius the
same for all volumes one could end up with a muffin-tin
radius dictated by for instance thePu structurgwhich has

a very small nearest neighbor distapet a volume of, for The support from the Swedish Natural Science Research
instance, 0.¥ (if a large part of the equation of state needsCounsil (NFR and TFR is acknowledged. This work was

to be investigated resulting in an almost vanishingly small performed under the auspices of the U.S. Department of En-
muffin-tin radius that when used at volumes close to theergy by the Lawrence Livermore National Laboratory under
equilibrium volume ignores relativity for the majority of the Contract No. W-7405-ENG-48 and under the auspices of the
unit cell. On balance we believe that the latter approach i4).S. Department of Energy by the Los Alamos National
less attractive than the former, especially for equation olaboratory. Results obtained from an entirely different
state studies or investigations of pressure induced phase traREAPW code, performed by S. Byel and co-workers, give
sitions. However, even if a constant ratio is chosen one magimilar results as the ones reported here. We are grateful to
for very compressed volumes and hence small muffin-tin raS. Blugel and co-workers for communicating these results to
dii encounter a situation where the contribution to relativityus. The critical reading of the manuscript and useful com-
from the interstitial region becomes important. In reality thisments by Dr. H. Roeder, Dr. D. Wallace, and Dr. G. Straub
is not expected to be a serious problem, of for instance equare gratefully acknowledged.

ACKNOWLEDGMENTS

1D. D. Koelling, A. J. Freeman, and G. Arbman, in “Plutonium 41, 42(1978; H. L. Skriver, O. K. Andersen, and B. Johansson,
1970.” Phys. Rev. Lett.44, 1230 (1980; M. S. S. Brooks, H. L.

2M. S. S. Brooks, J. Phys. E3, 103(1983. Skriver, and B. Johansson, idandbook on the Physics and

3H. L. Skriver, O. K. Andersen, and B. Johansson, Phys. Rev. Lett. Chemistry of the Actinideedited by A. J. Freeman and G. H.

035103-4



SPIN-ORBIT COUPLING IN THE ACTINICE . . .

Lander(North-Holland, Amsterdam, 1984

41. Solovyevet al, Phys. Rev. B43, 14 414(1991).

5D. Picketet al, Physica B111, 1 (1981).

6J. van Eket al, Phys. Rev. B48, 16 280(1993.

L. Vitos, J. Kollar, and H. L. Skriver, Phys. Rev. B7, 1706
(1988.

80. Eriksson, A. M. Boring, L. E. Cox, J. Ward, Y. G. Hao, G. W.
Fernando, and B. R. Cooper, Phys. Rev4®8 4590(1991.

93. M. Wills and O. Eriksson, Phys. Rev.45, 13 879(1992.

0p_ salerlind, O. Eriksson, J. M. Wills, and A. M. Boring, Phys.
Rev. B48, 9306(1993.

p. salerlind, O. Eriksson, B. Johansson, J. M. Wills, and A. M.
Boring, Nature(London 374, 524 (1995.

12p_ salerlind, B. Johansson, and O. Eriksson, Phys. Re%2B
1631(1995.

13p, Salerlind, Adv. Phys47, 959(1998.

PHYSICAL REVIEW B 63 035103

143, M. Wills, O. Eriksson, M. Alouani, and O. L. Price, in Elec-
tronic Structure and Physical Properties of Solids, edited by Hu-
gues Dreyss¢Springer-Verlag, Berlin, 2000

15D, J. SinghPlanewaves, Pseudopotentials and the LAPW Method
(Kluwer, Boston, 1991

16D, D. Koelling and B. N. Harmon, J. Phys.1D, 310 7(1977); O.

K. Andersen, Phys. Rev. B2, 3060(1975.

1A, Khein, D. J. Singh, and C. J. Umrigar, Phys. Rev5B 4105
(1995.

18p_ Salerlind, R. Ahuja, O. Eriksson, B. Johansson, and J. M.
Wills, Phys. Rev. B49, 9365(1994).

197 W. Lu, D. J. Singh, and H. Krackauer, Phys. Rev3® 4921
(1989.

200, Eriksson, J. M. Wills, and P. “8erlind, Phys. Rev. B45,

12 588(1992.

2IM. Jones, J. C. Boettger, R. C. Albers, and D. J. Singh, Phys.

Rev. B61, 4644(2000.

035103-5



