{

LBL-27781
Preprint

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA

Materials & Chemical
Sciences Division

Submitted to Journal of Applied Physics
Magnetic Structure of {111} Stacking Faults in Nickel

D.C. Chrzan, L. M. Falicov, ]. M. MacLaren,
X.-G. Zhang, and A. Gonis

September 1989

Prepared for the U.S. Department of Energy under Contract Number DE-AC03-76SF00098.

S331€1N13417)
AdOJ Ny07

SxHaam Z 404

8/.2-7a

Aaeaqrn og -bBpig

2 Adog

:



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



LBL-27781

MAGNETIC STRUCTURE OF {111} STACKING FAULTS IN NICKEL

D. C. Chrzan and L. M. Falicov

Department of Physics
University of California, Berkeley, CA 94720

and

Materials and Chemical Sciences Division,
Lawrence Berkeley Laboratory, Berkeley, CA 94720

J. M. MacLaren

Theoretical Division,
Los Alamos National Laboratory, Los Alamos, NM 87545

X.~G. Zhang

Department of Physics and Astronomy
Northwestern University, Evanston, IL 60201

and
A. Gonis

Chemistry and Materials Science, L-280
Lawrence Livermore National Laboratory, Livermore, CA 94550

September 1989

¥This work was supported in part by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Materials Sciences Division of the U. S.

Department of Energy under Contract No. DE-AC03-76SF00098.



Magnetic Structure of {111} Stacking Faults in Nickel

D. C. Chrzan and L. M. Falicov

Department of Physics,
University of California,
Berkeley, CA 94720,
and
Materials and Chemical Sciences Division,
Lawrence Berkeley Laboratory,
Berkeley, CA 94720,

J. M. MacLaren

Theoretical Division,
Los Alamos National Laboratory,
Los Alamos, NM 87545,

X.-G. Zhang

Department of Physics and Astronomy,
Northwestern University,
Evanston, IL 60201,
and

A. Gonis

Chemistry and Materials Science, L-280,
Lawrence Livermore National Laboratory,
Livermore, CA 94550.

ABSTRACT

The magnetic structure of {111} stacking faults in Nickel is inves-
tigated utilizing a fully self-consistent, layered Kcrringa-Kohn-Rostoker
approach which does not require full three-dimensional symmetry or the
use of finite-sized slabs. Localized electronic states appear at the faults.
The spin polarization is calculated for a twin boundary, an intrinsic
fault, an extrinsic fault, and several other stacking sequences. In all
cases, the magnetic moment is found to be insensitive to the orientaﬁon

of the nearest-neighbor atoms, but instead can be related to the distance



to the nearest atom in the direction perpendicular to the fault plane.
Very simple empirical expressions for calculating the spin polarization

and total energy of any stacking configuration are presented.
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Recently, there has been a great deal of interest in the magnetic properties of
transition-metal films, interfaces and surfaces. Much of this interest stems from the
devclopfnent of new experimental techniques for performing spin-sensitive surface
spectroscopy.!® In addition, there have been numerous theoretical predictions of
enhanced magnetism at the surface of many transition metals.’-!! These predictions,
based on electronic structure calculations, are often times at odds with experimental
findings.3

Alloy and overlayer systems are complicated by many factors, but there have
been some attempts to investigate their properties!%!? in a systematic way. The aim of

the current work is to investigate a much less complicated system, namely {111}



. stacking faults in nickel. 1415

The method used for studying the faults is the self-consistent layered-Korringa-
Kohn-Rostoker!6 (LKKR) technique recently developed by MacLaren et al.!” The elec-
tronic structure calcluation is based on the local approximation to spin-density func-
tional theory!® due to von Barth and Hedin!®, and includes the semi-relativistic correc-
tions of Koelling and Harmon?®, which do not include the effects of spin-orbit cou-

" pling. (The neglect of spin-orbit effects is not expected to alter significantly the results
reported below.) In LKKR, the properties of a solid are derived from the properties of
its two-dimensional planar components. There is no need for three-dimensional
periodicity, finite-sized slabs or "super-cells”, and the problems associated with those

approximations are completely avoided.

The calculations of the electronic structures of the close-packed bulk systems (fcc,

hcp, and dhcp defined below) were iterated until the Fermi energies were stable to 10 .

microHartrees, and the spin polarizations were stable to better than + 0.002 pp (where
up is the Bohr magneton). The stacking fault calculations were iterated to a similar
accuracy. The reported effects are small, but are believed to be indicative of the real

physical mechanisms.

The [111]-direction of the face-centered-cubic (fcc) lattice is defined to be the z-
direction, as (111)-planes will be stacked to form the three-dimensional solid. The
"ABC" stacking notation?! is used to describe stacking sequences. In this notation, the
fcc structure is indicated by (...<ABC>...) where the "..." indicates that the structure

within the brackets is repeated to infinity in the direction of the bracket adjacent to the

"..". In addition to the fcc and the hexagonal-close-packed (hcp) (..<AB>...) struc-

tures, the stacking sequences studied are the double-hexagonal-close-packed (dhcp) lat-
tice: (...<ABAC>...); the twin boundary: (...<ABC>ABA<CBA>...); the intrinsic fault:
(..<ABC>ABAB<CAB>...); the extrinsic fault: (...<ABC>ABACA<BCA>...); the
"super-extrinsic” fault: (...<ABC>ACBA<BCA>..) and the "hyper-extrinsic" fault:

(s
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(.<ABC>ACBAC<ABGC>..).

The qalculated spin polarization within the muffin-tin of an atom in bulk fcc
nickel is 0.614 pp. The interstitial charge is polarized ;nﬁfemmagncﬁcally relative to
that within the muffin-tin, and reduces the net spin polarization (the spin polarization
of the charge within the Wigner-Seitz sphere is 0.597 pp). The layer-dependent
changes in the net spin polarization are accurately reflected in the muffin-tin spin

polarizations, which are quoted throughout the remainder of this paper.

The results for the spin polarization of the stacking faults are presented in table I.
Since the spin polarizations of the layers are symmetric about the midpoints of the
faults (the midpoints of the faults are indicated by a arrow, —), only the spin polariza-
tion of the upper half of each fault is shown. The labeling of the layers in table I

corresponds to that given above. The first entry in the table for each of the stacking

faults is a layer fixed so as to have the properties of the bulk, the electronic structures ..

of the remaining layers were allowed to adjust to the presence of the fault; the atomic
positions were fixed. States localized at the faults are present for both spin polariza-
tions. The calculated spin polarization for hypothetical hcp nickel is 0.583 pp and for
hypothetical dhcp nickel, the polarization of the A layers is 0.592 g and the polariza-
tion on layers B and C is 0.612 pp.

The most striking feature of table I is that the spin polarization of a site appears
to be independent of the orientation of the nearest- and next nearest-neighbors. The
apex layer of the twin boundary, the central B layer in the stacking
(..<ABC>ABA<CBA>...), has its nearest- and next-nearest neighbors in the positions.
they would occupy in the hcp lattice, but the spin polarization is that of the fcc bulk.
In contrast, the layers adjacent to the apex layer-of the twin, labeled A in the stacking
(..<ABC>ABA<CBA>...) have the local structure of the fcc lattice, but the spin polar-
ization is depressed. This behavior is exactly the opposite of what is to be naively

expected.
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One physical interpretation of this result is that in the close-packed structures, the
potential caused by nearby atoms is so nearly spherical that the exact positions of the
atoms do not matter; each atomic site "sees" only a spherical potential. This reasoning
implies that the loss of near-spherical symmetry may alter the spin polarization of a

site.

The spin-polarization results show a correlation between the depression of the
spin polarization of a layer and the presence of a nearby atom in the z-direction. For
example, in the fcc case, the nearest neighbors in the z-direction are on the third layer
from that under consideration whereas in the hcp structure these neighbors are only
two-planes distant (thirty-three percent closer). The calculated spin polarization of
nickel in the hcp structure is five percent less than that of fcc nickel. Similar reduc-

tions are present in all the stacking sequences investigated.

It is not surprising that stacking faults affect the spin polarization of the layers
near the fault. It is, however, surprising that the spiﬁ polarization depends on the dis-
tance to the nearest neighbor in the z-direction. A simplified explanation of this effect
is that it is only possible to have two neighbors at the distance of two planes away,
and the resulting potential cannot possibly appear spherical. Consequently, the spin
polarization is affected. More specifically, for nickel, the calculated decrease in spin
polarization appears to be related to a local broadening in the density of states brought
about by the close proximity of atoms in the z-direction.

The total energies (relative to fcc nickel) of the stacking séquences are tabulated
in table II. The energies of the hcp and dhcp structures are quoted in (mJ/m?) per
(111)-plane over the energy of the fcc structure. The energies of the stacking faults
are quoted in (mJ/rnz) per fault. o

A very simple fitting procedure has been developed to allow estimates of the spin

polarizations and energies of any stacking configuration.

(s
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The spin polarizations are fitted to a linear equation of the form
H=M, +0, M, +03M; (1)

where M,, a, and 05 are fitting parameters and T, and T are defined to be the
number of layers of the same type (A, B, or C) as the layer under consideration, at a
distance of two and three planes away, respectively. For example, for the fcc lattice,

N, = 0 and M3 = 2, whereas for the hcp lattice, N, = 2 and 13 = 0.

The values of the fitting parameters were calculated using the results of the twin
boundary and all the stacking-fault calculations discussed above (not including the hcp
and dhcp results). The resulting fitting parameters are M, = 0.604 pg,
o, == 0.010 1z, and 03 = 0.003 pz. Figure 1 compares the spin polarizations result-
ing from the fits with LKKR results for the hyper-extrinsic and the dhcp stacking
sequences. The trends in spin polarization are accurately reproduced, even for dhcp -
nickel, which demonstrates the predictive power of the simple formula. The apparent
systematic error in the fit for the dhcp configuration stems from the fact that the fitting .

parameters are those based on an fcc bulk structure, not the dhcp bulk.

The internal energy is fitted to a similar formula:

E= ¥ {Ehcp + i & Vi } ()

layers i=2

In this expression, E,, is zero if the la&er has local fcc structure (i.e. layer B in the
stacking ABC), and is a constant (to be determined by a least-squares fit of all the
stacking sequences) if the layer has the local hcp structure (i.e. layer B in the
sequence ABA). The ¥; are also fitting parameters. The §; are defined to the number
of planes at a distance of i atomic layers away which are different from what they
would be in the fcc lattice. For example, £, = 2 and &, = 2 for the hcp configuration.
Table II contains the results of the fit. The values of the fitting parameters are

Ey, =89 (mJim?), & = -8 (mJim?), and &; = 6 (mJ/m?). The trends in energy are
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reproduced reasonably well by the simple formula.

In conclusion, the magnetic properties of {111} stacking faults in ferromagnetic
nickel have been calculated using a self-consistent layered-Korringa-Kohn-Rostoker
formalism which does not require the use of finite-sized slébs or "super-cells". Local-
ized states appear at all of the faults studied. The spin polarization of a site does not
depend on the orientation of the nearest- and next-nearest neighbors. Instead, the spin
polarization depends directly on the distance to the nearest neighbor in the z -direction,
and is most reduced by the presence of neighbors directly above and below at the
(minimum possible) distance of two layers away.

Simple formulas for calculating the spin polarization and internal energy of any
stacking configuration are presented. These formulas should be uséful for rough esti-
mates of the properties of {111} stacking faults in nickel.

This work was supported by the Depariment of Energy under contracts no. W-
7405-ENG-36, no. W-7405-ENG-48, and no. DE-AC0376SF00098 and by the Office
of Naval Research.
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Table Captions

Table 1

Table II

The muffin-tin spin polarizations for the stacking fault structures. The first
entry in each column is a layer fixed to be "bulk-like". The electronic
structure of the remaining layers was allowed to rearrange in the presence
of the fault. The midpoints of the faults are indicated by arrows. Since

the polarizations of the layers are symmetric about the midpoints of the

faults, only the polarization for half of each stacking fault is displayed.

The polarization is reduced on the layers which have a layer of the same

type at a distance of two atomic layers.

The LKKR total energies and the energies resulting from the simple fitting

procedure [equation (2) of the text] of the investigated stacking sequences.

bThe energy of the hcp and dhcp structures are quoted in (mJ/rnz) per

(111)-plane over the total energy of fcc nickel. The energies of the stack-
ing faults are quoted in (m)/m?) per fault. The simple fitting procedure

provides a reasonable estimate of the energy of any stacking sequence.

Figure Captions

Figure 1

Comparison of the results of the simple fit with LKKR results for the spin
polarization of the layers of the (a) hyper-extrinsic fault and (b) dhcp bulk

structure. (The lines are guides for the eye.) The fits accurately reproduce

the trends in both the sign of the change in and the absolute niagnitudc of

the spin polarization for the stacking-fault conﬁguration’s, but are only
capable of predicting the sign of the change in spin polarization for other

bulk configurations.

"
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Table I

Muffin-Tin Spin-Polarization (up)

) twin int. ext. sup. ext. hyp. ext.
4
o lay. pol. lay. pol. lay. pol. lay. pol. lay. pol.
A | 0.614 A | 0.614 A | 0.614 A | 0.614 A | 0.614
B | 0.611 B | 0.609 B | 0.610 B | 0.609 B | 0.607
C | 0611 | C | 0.609 | C | 0.607 C | 0.596 C | 0.599
A | 0.603 A | 0.597 A | 0.595 A | 0.606 A | 0.608
-B | 0.614 B | 0.594 B | 0.598 C | 0.595 C | 0.600
- —A | 0582 | - -B | 0.604
Table II
system LKKR energy (mJ/mz) fitted energy (mJ/mz)
hep 101 85
dhcp 54 54
twin 105 90
intrinsic 176 185
extrinsic 161 181
: super-extrinsic 160 167
hyper-extrinsic 200 181
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