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Self-interaction correction and contact hyperfine field
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The hyperfine field is a precise and essential probe of the magnetic state of a solid, and of the quality of
theoretical core wave functions, but it's accurate evaluation has proven challenging from first principles. In this
work, the self-interactioffree potential, suggested recently by Lundin and Eriksson, is applied to the core states
in the calculation of the hyperfine field fod3ransition metal ferromagnets Fe, Co, and Ni, and for three Fe
compounds. Compared to the local spin density approximation and to its conventional self-interaction cor-
rected form, the new potential functional is found to increase substantially the core contribution to the Fermi
contact term, leading to good agreement with measurements for Fe and Co, and significantly better results for
iron compounds. Our results strongly suggest that the new functional is more suitable for generating realistic
core wave functions to high accuracy for a wide range of materials. The subtle effects resulting from the
change of potential functional are also addressed.
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The local spin density approximatidhSDA) to density Recently, Lundin, and Erikssépointed out that the self-
functional theory proved to be immensely valuable for un-interaction is not fully removed in the PZ-SIC functional,
derstanding of the magnetic properties of solids. Yet there argince, due to the nonlinear dependence of LSDA
well documented shortcomings of LSDA when applied to theVxc(p,,p,) 0N p,,, the potentiaV/|/ felt by stateli, o) still
magnetic systems. In the present paper we concentrate @iepends explicitly on the density of the same orbital:
one of them—the contact hyperfine fie} is consistently
underestimated by LSDA, as first noticed by @éiet al®  VP?=V .+ Vy(p) +Vc(po o) = Vi(pis) — Vxc(pi,0),
and emphasized in several other papers since 4A¢mom (1)
the good agreement between measured and calculated hyper-
fine field in special cases whé is dominated by the trans- Where Ve, Vi, Vxc are external, Hartree, and exchange-
ferred hyperfine interactiofe.g., in Cu impurities in Fe, Co, correlation potential ang,p,, andp;, correspond to total
and Ni (Refs. 1,4,% B, originates mainly from the spin po- density, density of spiwr, and density of the orbitali,o ),
larization of Cu 4 valence states via interactions with the respectively. These authors proposed an alternative potential
magnetic neighbojsit can be concluded that the underesti- functional (denoted as LE-SIC hereafer
mation of B, results mainly from the on-site contribution of
the 1s, 2s, and 3 core states to the contact hyperfine field, VEE=V it Viu(p— piv) + Vc(Po— PiorPor) 2
reflecting serious inadequacy of LSDA for the core states.

This defect of LSDA in the description of the core statesthat is explicitly Sl-free by construction.
is not too surprising, considering the large nonphysical self- In this paper we show that the LE-SIC, when applied to
interaction (SI) these localized states suffer. Unexpectedlythe core states of ferromagnets Fe, Co, and Ni, and three Fe
while removing the Sl via correction proposed by Perdewcompounds, significantly removes th&. underestimation
and Zunge(PZ-SIQ® does significantly improve the binding systematically in all the cases studied. Especially for bcc Fe,
energy of the core states, the resultiBg is almost un- this leads to an excellent agreement with experiments. These
changed and therefore still underestimaténtiicating insuf-  results strongly suggest that LE-SIC is practically much su-
ficiency of PZ-SIC functional in properly describing the perior than LSDA or PZ-SIC for the description of the core
Kohn-Sham wave function of the core states. In light of thestate wave functions, in a wide range of materials. The subtle
importance of magnetic systems in various applications anéffects of changing the potential functional will then be dis-
the fundamental scientific understanding of localized eleceussed.
tronic states, it is crucial to identify the origin of the defect The hyperfine fieldBy; may be written as a sum of four
and improve the current schemes. contributions
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[ B TABLE I. Hyperfine field for bcc Fe, hcp Co, and fcc Ni, com-
-1.0 - 1 parison of LSDA, PZ-SIC, and LE-SIC methods.is the ratio
— ] I, (exp)l,. Experimental hyperfine field and orbital momentum
30+ M\@ - were taken from Ref. 2. All hyperfine fields are in T. Lattice con-
— I ] tribution B, is zero for Fe and Ni and it is very small for hcp Co:
o 50 L i B,= —0.0004 T.B(s© is calculated from Eq(3), but with B,
@ scaled according to Edd4).
=70 r A\\A/,&—A\A‘ AR _- |Z Bc Bdip Borb Bhf K Bhf(SC)
Y I P S R LSDA 0.049 -30.13 0.00 2.79 -27.34 1.83 -25.04
-20 00 20 40 60 bcc PZ-SIC 0.049 -30.12 0.01 273 -27.38 1.83 -25.11
n Fe LE-SIC 0.047 -38.04 0.01 250 -35.52 191 -33.23
FIG. 1. Fcc Ni, LSDA method. Contribution of the valence exp.  0.09 -33.9
states(full curve) and core state¢dashed curveto the contact LSDA 0.079 -26.68 -0.10 5.72 -21.07 1.90 -16.04
hyperfine field as function of. Number of thek points in the hcp PZ-SIC 0.079 -26.66 -0.10 5.72 -21.04 1.89 -16.04
Brillouin zone N, =1000x2". Co LE-SIC 0.076 -33.72 -0.11 5.43 -28.408 1.96 -23.28
exp. 0.15 -21.8
Bn= B¢+ Bom T Baipt Blatt ©)

LSDA 0.051 -10.42 0.00 453 -589 0.99 -5.95
where B, is the Fermi contact ternB,,;, and By, are the  fcc  Pz-SIC 0.050 -10.39 0.00 4.47 -592 1.00 -5.93
contributions from the “on site” magnetic dipolar interaction n; LE-SIC 0.049 -13.36 0.00 4.27 -9.09 1.03 -8.98
of the nuclear magnetic moment with the electronic orbital exp. 0.05 75
and spin momentum, respectiveB,,; corresponds to the
field from the magnetization density of the rest of the sample

and it is zero for sites possessing cubic symmetry. For th@ately, is also severely underestimated for bcc Fe and hep Co
systems of interest in this worlg is the dominant contri- within LSDA (Ref. 2 (another well-known failure of the
bution, and is thus the focus of our study. The actual calcut SDA). Instead of employing thad hocapproach of orbital
lation of the hyperfine field follows the approach suggestedpolarization'® we overcome the difficulty by empirically res-

by Blugel et al! caling LSDAB,,, by the ratio of experimentaland calcu-

While it is difficult to apply SIC to the valence electrons |ated orbital momentum
in a periodic crystaf, for the fully localized core electrons
application of SIC is straightforward and simple. The weak I,(exp)
violation of orthogonality, resulting naturally from the SIC Borb(scaled:mBorb(calc-)- (4)
functional, is removed via Schmidt procedure. As pointed z ’
out by Severiret al,® the Fermi contact term is a trace of a Scaling ofB,,; is important(roughly a factor of 2for bcc Fe
Hermitean operator and thus it is independent of the particuand hcp CoTable |), while it is insignificant for fcc Ni and
lar choice of the basis states, once these are orthogonalizefdr the iron compounds FgFand FgO, considered below.
Note, however, that because of the nonorthogonality no unSimilar difficulty occurs in estimatin@®g;,,, which is also a
ambiguous way of assessing contribution of speciicore  (compleX function of the orbital momentum. Fortunately,
state toB, exists. The effects of SI of the valence states onB;, is small in all cases considered here, and its uncertainty
B. is assumed negligible. may be disregarded.

The electronic structure is calculated with the full poten-  The results for bce Fe, hcp Co, and fcc Ni using LSDA,
tial augmented plane waves local orbitals (APW+LO) PZ-SIC, and LE-SIC are summarized in Table I. The LE-SIC
method, as implemented in thenEnzk packag€. The  form increasedB.| by 20-30 % in these magnetic metals
1s, 2s, 2p, and 3 states of the @ metal atom were treated and results in dramatically improved agreement with the ex-
as core states, whilep3 3d, 4s, and 4o were included as perimental values, indicating a superb quality of the resulting
the valence states. The sensitivity of the results to the parantore state wave functions. Note that the accidental success of
eters of the APW-LO was checked and we found that for LSDA and PZ-SIC in the case of hcp Co is destroyed, once
the metallic systems rather large numbigrof k points in the  the underestimation d8, is taken into account. Also note
Brillouin zone must be taken in order to obtain reliable re-that the success story of PZ-SIC in increasing the binding
sults. As an example the core and valence contributions tenergy of core states is retainéd all cases considered in
the contact field for fcc Ni are plotted as functionshf in  this work) with LE-SIC, which produces a larger enhance-
Fig. 1. ment of the binding energy than the former.

A remark concerning,, should be made. Since the fo-  To demonstrate the performance of the three above meth-
cus of this work isB. and underlying core state wave func- ods in the iron containing magnetic compounds we selected
tions, and only totaB,; can be accessed experimentally, aFeF;, magnetite FgO, in its cubic phase and lithium nitrido-
reliable estimation oB,,, is necessary for the comparison to ferrate Lp(Li;_,Fg)N. Iron trifluoride is an antiferromag-
be meaningful. NowB,,;, is to a good approximation propor- netically ordered ionic compound, valence state of iron is
tional to the valence orbital momentuip, which, unfortu-  3+. The ground state of Bé is S, hence little orbital mo-
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TABLE II. Hyperfine field for Fek. Comparison of LSDA, PZ-
SIC, and LE-SIC methods. Magnetic moments are a[ddd], then
Bi,=0 due to the symmetry.

Bor Buip B By
LSDA 1.02 -0.23 —41.67 —40.88
Pz-SIC 1.04 -0.22 —-41.60 —40.78
LE SIC 0.95 —-0.29 —55.76 —55.10
|Bri(exp)| 61.5

ment is expected. Among the stoichiometric iron compounds,
FeF;, has the highest hyperfine field with the magnitude

Bn=61.5 T In magnetite iron enters two sublattices-
tetrahedral A) where its valence state-4#3 and octahedral
(B) with the formal valence of iroti2.5. Magnetite is a
ferrimagnet with FeB) spins antiparallel to F&) spins.
The hyperfine fields extrapolated to 0 K amly(A)
=50.8 T, B14(B)=48.6 T2 Finally in lithium nitridofer-
rate the valence state of iron is-land a huge hyperfine field
was observed for selected iron centér& The calculations
were performed assuming ferromagnetic ordering. The s
percell denoted akex2 in Ref. 15 that contains two iron

centers Fel and Fe2 with different cation environment was

used.

The results for Fefand FgO, are given in Tables Il and
lll. It is seen that very large disagreement of LSDA and
PZ-SIC is much improved when LE-SIC is used. For lithium

nitridoferrate the situation is more complex — in this case

positive B, gives the largest contribution ¢, while B,

is negative and smaller. We used the LBA method to
explain unusual properties of this systémthis, however,
brings considerable uncertainty in calculat&g, due to an
uncertainty in the value of thg parameter and the fact that
different versions of the DA+ U method may be employed.
Nevertheless even in this case LE-SIC brings the theoretic

results closer to experimental ones by enhancing the cor

contribution toB. by 9.6 and 9.5 T for Fel and Fe2, respec-
tively.
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FIG. 2. bcc Fe and Fe compounds. Contribution of the core
states to the contact hyperfine field as function of thespin mag-
netic momentmg. The points ordered according to increasing
correspond to bcc Fe; Fe2, Fel centershiex2 supercell of
Li,(Li,_xFe)N; Fe(A), Fe®B) in Fe;O,4, and to Fe in Fef The
muffin tin radius of Fe was 1.9 a.u. The lines are linear fits to the
data.

tional to mg despite very different valence states of iron in

Yhe bee Fe and in iron compounds considered above, with

either LSDA or LE-SIC.

In order to understand the action of SIC we identify pos-
sible effects of the modified potential on the hyperfine field.
Note that since one is dealing with tiny differences of large
numbers(spin and charge densities in the core regicm
guantitative estimation would be quite difficult. There are
two ways to increase the spin density at the nucldls:
increase the degree of the spin polarization while keeping the
charge density unchangéicreasing the exchange figldr

(2) increase the charge densifynore attractive potentipl
keeping the relative spin polarization constant. Our calcula-
tions showed that several counteracting mechanisms take
lace. First, the LSDA-SIC potential is more attractive than
SDA potential obtained with the same density resulting in
ontraction of the wave functions. Second, contraction of the
s function reduces the effective exchange field due to re-
duced overlap with thel spin density. Third, contraction of

Physically, the contact hyperfine field is expected t0 b&q geeper lying functions leads to a better screening of the

approximately proportional to thed3spin magnetic moment
ms. Indeed, as shown in Fig. B, is found to be propor-

TABLE IIl. Hyperfine fields in the cubic phase of f&,. Com-

nuclear charge forcing an expansion of the higher lying or-
bitals (this mechanism is effective through the self-
consistency: Fourth, different SIC schemes lead to different
exchange field originating from the spin density as is

parison of LSDA, PZ-SIC, and LE-SIC methods. Magnetization isshown below. Numerical tests showed that all the above

along[001], thenB,;;=0 due to the symmetry.

Borb Buip Bc By
LSDA —0.49 0.01 31.20 30.72
FeA) PZ-SIC —0.49 0.00 31.11 30.62
LE SIC —-0.47 0.00 43.34 42.87

[Bni(exp)] 50.8
LSDA 0.74 0.57 -30.91 —29.60
FeB) Pz-SIC 0.72 0.54 —30.80 —29.54
LE SIC 0.68 0.53 —43.67 —42.46

|Bhi(exp)| 48.6

mechanisms are larger in magnitude in the LE scheme than
for PZ. (In the latter case, the Hartree contribution to SIC is
strongly compensated by the exchange-correlation jerm.
However, the final result is a delicate balance of all the four
above mechanisms and none of them can be identified as the
dominant one.

We now discuss how the LE-SIC differs from the PZ-SIC
potential. Both PZ-SIC and LE-SIC handle the largest, self-
Hartree term identically and exactly. The difference that
is crucial for B, arises only from the treatment of the XC
self-interaction of the core orbitals. The difference in the
potentials (exchange and correlation, either separately or
togethey is
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NEPZ=Vy ) (po= Pio Por) — [Vx(c)(Po Por) SBer "o~ — (pir—pi )Ty (p1 .p))
—Vx©)(pis,0)] ©) +[Vxc)(pi1,0) = Vx(c)(pi;,0)]
~=(pir—pPiPltxc)(pI2,p12) = Tx(c)(pi/2,0)].
7
~ = Pictx©)(Pe:Pe) T Vx(0)(Pis,0), ®)  Here the expansion d&fyc) around zero argument has been

avoided. It can be seen that LE-SIC-PZ-SIC difference is
proportional to the(smal) orbital polarization, but is non-
zero only because th&(C) interactionfyc, is evaluated for

where theX(C) interaction fc, is the derivative oNx(c) 41y polarized single electron densitP2) versus ar(es-

that arises in linear response formalisms. The Taylor eXParsentially) unpolarized all-electron density.E).

sion in p,— pi, should be good enough for illustrative pur- |n conclusion, we have shown that the Sl-free potential
poses near the nucleus of atoms of interest here, wBgre functional proposed by Lundin and Eriksson, in addition to
arises primarily from 8 and 3 orbitals, for which 2nd order its conceptual attractiveness, provides a much needed in-
terms in p;,/(p,—pi,) do not change the interpretation. crease in the core contribution to the contact hyperfine field
SinceVyc scales ap'’ the deviation between LE and PZ- in bcc Fe, hcp Co, and fcc Ni, as well as in several iron
SIC increases with increasing. The XC part of PZ-SIC  compounds. The improvement is closely related to the modi-
compensates to a large extent the Hartree part, while in LEfCation of the cores functions according to the employed

- . potential, which strongly suggests the practical superiority of
SIC is the Hartree part compensated much less resulting 'ﬁE-SIC over LDA ang )IlDZ-glgC - descpribing the gore stgte
mechanisms 1 — 3 to be larger in magnitude for LE-SIC

. ! ‘wave functions. The subtle modification can be traced back
However, calculations neglecting the XC part of Sldar-

; \ ~to both spin-independent and exchange-field parts of the po-
tree only do not lead to improvement of the hyperfine field (antjal, and can not be easily explained based merely on the

yielding only a moderate enlargement over the LSDA resultsstronger attraction in the field, or the enhancement of result-

If a Taylor expansion were also good for the last term, theing charge density at the nucleus. We expect this correction
difference would involve only one higher derivative\§cy  for |B;| to hold more generally, and are in the process of
(and would be sensitive to parametrizatioffigic, already testing the LE-SIC functional for more systems and other
shows some such sensitivitjHowever, local density corre- Properties.

lation functionals are not constructed to be accurate in the This work was supported by Czech-USA Project No.
low density limit (where they are unphysical due to Wigner KONTAKT MES547, by Grant No. A1010214 from the Acad-
crystallizatior). Evaluating the difference of the exchange emy of Sciences of the Czech Republic, by the NATO/NSF

field Bex=V,—V, between LE and PZ-SIC, i.e., the fourth Grant No. DGE-0209264, and by NSF Grant No. DMR-
mechanism, we obtain 0114818.
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