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Magnetoelasticity of Fe: Possible failure ofab initio electron theory with the local-spin-density
approximation and with the generalized-gradient approximation

M. Fahnle and M. Komelj
Max-Planck-Institut fu Metallforschung, HeisenbergstraRe 1, D-70569 Stuttgart, Germany

R. Q. Wu
Department of Physics and Astronomy, University of California, Irvine, California 92697-4575

G. Y. Guo
Department of Physics, National Taiwan University, 1 Sec. 4, Roosevelt Road, Taipei, Taiwan 106, Republic of China
(Received 27 September 2001; revised manuscript received 22 January 2002; published 2 April 2002

The magnetoelastic coupling constdy and the related magnetostriction coefficiant; of bcc Fe are
calculated by theab initio density functional electron theory in local-spin-density approximation and in
generalized-gradient approximation. Bd®y and \;;; exhibit a wrong sign as compared to the available
experimental data, indicating a possible deficiency of the two approximations for the exchange-correlation
functional.
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All practical calculations within the framework of tred ~ day’s supercomputers, precision is insufficient foradmini-
initio density functional electron theory involve approxima- tio band-structure calculation of magnetostriction.” In the
tions for the exchange-correlation functional of the total en-meanwhile, improved calculational methods and computer
ergy. The two most frequently used approximations are thefficiencies made aab initio treatment of magnetoelasticity
local-spin-density approximation (LSDA) where the in rare-earth metals and in transition met&ig® feasible.
exchange-correlation energy of the inhomogeneous electrophe results for the magnetoelastic coupling coefficiBpt
gas is locally approximated by the exchange-correlation enynd the related magnetostriction coefficient, of bce Fe,
ergy of the ho_mogeneous electron gas at the respectiv_e locRlc Co, and fcc Ni obtained by GGA agrééd® rather well
electron density, and the generalized-gradient approxima- g, experimental data when a full-potential band structure

tion (GGA) (see Ref. 3, and references thejewhere the ,othod was used. In most cases, the LSDA results were less
exchange-correlation functional takes into account, in theaccuratéz'15especially for Fe wherg . andB. were over
’ 001 1 -

spirit of a Taylor expansion, not just the local electron den- stimated by a factor between 2 and 3, respectively. dthe
sity but also its gradient. In spite of the very great success o

) : ) initio calculation$® were even able to provide data on some
the LSDA.t(.) de_scnbe the propertles_ of 50“93' the_re _are” alsgf the nonlinear magnetoelastic coupling coefficients for bcc
some deficiencies. One example is the “overbinding” of

; ) : . Fe, fcc Co, and fcc Ni. It was shown experiment#iiy°and
LSDA, i.e., lattice constants are in general underestimated b P y

. ¢ while cohesi . 4 bulk moduli Yheoretically®~1° that the magnetoelastic properties of thin
a few percent, while COnesive energies and bulk modull arg,q iy large epitaxial strains are different from those of

correspondingly overestimated. The bonding strength is r&ieakl . o .
: ) . y strained bulk materials if the results are interpreted
duced in GGA, and therefore GGA yields improved reSUItSby a first-order magnetoelastic theory with effective first-

for the cohesive properties for systems with a LSDA ; ; ;
- . . order magnetoelastic coupling constants. For instance, for
overbinding. On the other hand, in systems for which the g Ping

; experiments which in the case of small strains would involve
LSDA gives rather accurate results, the GGA may lead to al b

S o |E')nly the first-order constarB; [see Eq.(1)], one has to
undgrbmdmg "’.md hence to a detenorqﬂqn C.’f the resfits. introduce effective constants which depend linearly on the
It is of great interest to explore the limitations of LSDA

. . . _19 . _
and GGA. The @-metal Fe thereby is a well-known ex- epitaxial straine,. It was suggestéfi~*°that nonlinear mag

mole for a failure of LSDA which predicts that nonmaaneti netoelastic effects are responsible for this difference. By

? FI):eio "; ? utie 0" liahtl n:: rpfevcrsbl ath onf f‘rgme ®means of the phenomenological nonlinear magnetoelastic
cc e IS energetically slightly more tavorable than ferro .ag'theory, based on the symmetrized strain variablies;ould
netic bcc Fe, in contrast to the experimental observation

whereas GGA yields the correct ferromagnetic bcc groun??e showinf that d~|ﬁ§rent ef~fe(:ft|ve coupling constanky
state structurgsee Ref. 5, and references thejeim the =~ =BitD%€ andBi'=B,+D ¢, have to be used for the
present paper we show, however, that the GGA does ndbterpretation of the magnetostrictive stress experinténits
describe all the ground-state properties of bcc Fe correctly2nd for the measurements of the strain-induced magnetic an-
both LSDA and GGA yield the wrong sign for the magneto-isotropy energy, an®®" as well asD® could be related to
elastic coupling constaf8, and the related magnetostrictive some of the second-order magnetoelastic coupling constants
coefficient\ 11, as compared to the experimental data. appearing in this phenomenological theory. By a combina-
The calculation of the magnetoelastic properties of metaldion of theab initio electron theory with the phenomenologi-
has been considered as a big challenge foathaitio elec-  cal magnetoelastic theory these second-order coupling con-
tron theory. In 1993 it has been statatiat “even with to-  stants could be calculatéd.For D¢ the same order of
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magnitude was found as in the experiment, confirming the 0.5 T T T T T

abovementioned suggestion. Similarly, it has been shbwn 04

for the case of epitaxial Fe films that for the interpretation of 0.3

magnetostrictive stress experiments for a geometry which for % 0.21

the case of small strains would involve only the first-order g 0.1

coupling constanB, [see Eq(1)], an effective constarS" =0

has to be introduced that again depends linearly on the large g 01

epitaxial strains. First theoretical hints for a strain depen- 0.2

dence of the effective coupling constffisﬁff for the strain- -0.3

induced magnetic anisotropy energy were found by ahe B Ty T T Y

initio calculation of Gud* for fcc Co and fcc Ni. In Ref 22, P

the relation between the strain dependencB$fand some 0.35 T T T T T

of the second-order magnetoelastic coupling constants of the 0.3

symmetrized phenomenological nonlinear magnetoelastic 0.25

theory was found, and the first-order constBatas well as =02

these nonlinear constants were calculaédinitio for bcc ; 0.15]

Fe, fcc Co, and fcc Ni. Thereby, the most striking results = o1

were found forB,. For Co and Ni, the GGA results agreed 2 005

rather well with the experimental data. The LSDA results for 0

the materials were worse but at least of the same order of -0.05

magnitude and of the correct sign. In contrast, for bcc Fe 0.1 L L L i
2003 002 -0.01 0 001 002  0.03

both the LSDA result £ 7 MJ/n?) and the GGA result
(—3.9 MJ/n?) had another sign than the experimental
result! (7.62 MJ/n?). Because this indicates a serious de- FIG. 1. Theab initio data foreyca1(€o)(+) and eyca 2(€o)
ficiency both of LSDA and GGA for the calculation of the (X) for LSDA (top) and GGA(bottom), together with the parabolic
magnetoelastic properties of Fe, we have now re-examinelfs, according to calculation 2.

this striking result by various calculational methods and by

the use of different band-structure methods. strain modes for the bulk which are appropriate for a deter-
_ In the following we use three different types of calcula- mination of B,, and this selected strain mode is just one
tional methods. The first two determifi from the strain-  possible variant(another choice is used for calculational
induced magnetoelastic contributi@yca to the magneto-  method 2. The fact that the strains in real epitaxial films are
crystalline anisotropy energy density, and the third oneyropably more complicated therefore does not matter at all.
determines the magnetostriction coefficiont;; from the  For the[110] orientation we then calculatab initio eyca
strain-derivative okyca. The quantity 14 is related toB, —e(a;= —ar,=3\2,6)—e(a;=a,=2\2,6) and the

via B,= —3C 44\ 111 With the elastic constart,. o =eff _ . _
The calculation 1 starts from the first-order expression fofuantity B, (€0) = ~€ycal2€1, With €1,= =3€o. For the

the strain-induced magnetoelastic contributig) to the [111] orientation we calculateab initio €yca(€o) =e(ay
magnetocrystalline anisotropy energy density of a cubic a’z—l/\/é,a’?,—. :%ﬁf\/g’e")_e(al_az_%_l/‘/g’e")
mate”al and the quant'tsz (Eo):_eMCA/3612 W|th 612:_260.

According to Eq.(1) the first-order constarB, may be ob-
elV=B,(e110%+ eppars+ e3303) tained from extrapolatin@%ﬁ(fo) to €,=0, and the quanti-
ties — 2€;,BS(e,) and —3€;,B5M(¢,) are the strain-induced
magnetic anisotropies f¢10] and[111] orientation, respec-

where thee;; are the components of the strain tensor and thdively, at large straing, for which non-linear magnetoelastic
«; are the direction cosines describing the orientation of thé&ffects became essential. _ _
magnetization. The basic idea is to calculate the strain- Calculation 2 Gyrere evolved. Instead of using the first-
induced magnetocrystalline anisotropy energy deresjgys , order expressiory;ca for the magnetoelastic energy density
i.e., the difference ire(t) for different magnetization direc- 9ven by Eq.(1) it is based on the phenomenological expres-
tions in a crystal which is suitably deformed. There are vari-Sion for the magnetoelastic energy density containing first-
ous possible choices of strain modes and magnetization dnd second-order terms of symmetrized strain varlgdee.
rections for whicheyc, depends only o8, but not onB;. calculate by the_ab initio electron theo_ry the stram-l_nduced
In calculation 1 we select the strain modes roughly accordingt@gnetocrystalline anisotropy energies for two differently
to the epitaxial strains which appear in a magnetic film that i§tr1a|ned crystals, namelgyca1=e(€11=€1,= €, a1=a;
grown on a substrate ifl10] or [111] orientation®®*We — =7V2) —e(€11=€10=€g,a,=1) and eyca, =€(ezz= €1,
thereby assume a constant volume mode, i.e., we prescribewaco, @1= a>=3\2) —€(e33= €1,= €9,a,=1), and we rep-
lateral straine, and a perpendicular strain in a such a wayresent the data points by parabodfyca ;= a6+ b €5 and
that the unit cell volume of the unstrained bcc Fe is con-eyca=azep~ bzeé, see Fig. 1, assuming that the strain-
served. As stated above, there are many possible variants mfdependent contribution to the magnetocrystalline anisot-

+282(612a1012+ 623&’2&3"‘ 6316[’36(1), (1)
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ropy energy density is negligible. By the phenomenologicakexpression for the magnetostrictive chandé in length
second-order magnetoelastic theory it can be shgamde-  along (81,82,83) when magnetizing the sample in the di-
tails see Ref. 2pthat the coefficients; ,b;,a,, andb, may  rection (a1, a;,a3) with respect to the crystalline axes:

be expressed as linear combinationByf and two second-

3
; ; Al 3 1
order magnetoelastic coupling constatds well asB; and =22 ( @282— | 43N
two other second-order constants which deternB§& and lp 270 igl I 3 il 102B1z
which have already been calculated in Ref).1Brom the N n @)
coefficientsa, ,b,,a,, andb, fitted to theab initio data we @3Bt aza Bapy),

therefore can determine not onBy, but also the two addi- Wwherel, denotes the corresponding length in the nonmagne-

tional second-order constants, and this is an advantage ovézed state. The magnetostriction coefficiant, thus may be
the calculational method 1. obtained by measuring the fractional change in length along

Calculation 3 starts from the linearized theory of magne-the [111] direction (8;= 1//3) when switching the magneti-
tostriction of a cubic material, which yields the following zation direction fron{111] to [112]:

1 2

I
> 0 al_aZ_%aas—_% —lo al—az—ag—ﬁ

N11= — 3 1 ) ; (3

|0< a1=0r= a3=ﬁ

where it is assumed that;;<1. In principleh;; could be  =1/\/6,a3=—2/\/6) is obtained from —b/2a

determined from the equilibrium lengthdy(a=a, _ ; ;
1B = — 21V8) and lo(ay= ay=as=1/y3) of the _1/2a¢9eMCA/¢9I||O. From Eg. (3) W(?Z‘ finally flnld N1
unit cell along thg 111] axis for the two orientations of the —2/303eycaldl |'o' It becomes obvious from Fig. 2 that
magnetization obtained by minimization of the total energy,evca €xhibits a strong nonlinear trend. A third order polyno-
which, however, would be numerically rather delicate. In-mial fitis required to represent the data in the whole range of
stead we proceed on the line of Vetial % We calculate the considered/l, values. This means that for pure shear-strain
total energy densitg(a;=a,=a3=1/y/3,|) as a function distortions of Fe the influence of third-order magnetoelastic
of length| for a constant-volume mode and fit thé initio  constants becomes relevant for strains which are accessible
data by a parabolagl?>+bl+c, see Fig. 2, yieldindo(a; in_epita?dal filnjs.(ln.our pre!iminary calculqtion for Co and
= a,= a3=1/\/3)= — b/2a. Furthermore, the magnetocrystal- Ni we did not find this peculiarity.The quantitydeyca /4l ||0
line anisotropy energy density eyca(l)=e(a;=a, is obtained from the linear term of the polynomial fit.
= 1/\/6,%: — 2/\/6,|) —e(a;=a,=az= 1/\/§,|) is calcu- For calculation 1 the spin-polarized relativist®PR) lin-
lated as a function ofl, Fig. 2, and thenly(a;=a, ear muffin-tin-orbital method (LMTO) was applied which
adopts the atomic-sphere approximaft?t (ASA) for the

12 . . . , 0.06 effective potential, withs, p and d muffin-tin orbitals and
: with the combined-correction terri$?°We used the Vosko-
Wilk-Nusair parametrizaticif for the LSDA and the GGA

=
= oo § functional of Perdewet al?’ The anisotropy energgyca

8 s was calculated by means of the force theoféror calcu-

S o0z @ lation 2 we applied theviEN97 cod€&® which adopts the full-

‘é’ \'g potential linearized-augmented-plane-wave method
T 0.00 oF (FLAPW) not involving any shape approximations for the

] potential. We used the LSDA functional of Perdew and

1 002 Wang® and the GGA functional of Perdeet al3 The an-

] isotropy energyeyca Was again calculated by means of the

force theorem, and spin-orbit coupling was treated perturba-

102 tively using the second variational methddFor calculation

3 we used the NorthwestemLAPw cod€? and the GGA

functional of Perdewet al3 The energy densitgyca was
FIG. 2. The total energg(a;=a,=az=1/\/3,) per unit cell ~ calculated by the torque methdtand the spin-orbit cou-

as function of the length along the[111] direction, and the mag- Pling was treated by the second variational method. In all

netocrystalline anisotropy energy per unit aglica(1) accordingto  calculations a satisfactory convergence with respect to the

calculation 3. convergence parameters of the band-structure method was
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030 - TABLE I. Results forB, (in MJ/m®) from the three types of
: calculations. For calculation 3B, was obtained fromB,
= —3Cys\ 117 With the valueh;,;=12Xx 10 ¢ calculated by GGA
and with the experimental valu@,,=1.15< 10™N/m?. The experi-
mental results ardB,=+7.62 MJ/ni, see Ref. 21, and ;=

—22.7X1078, see Ref. 19.

025 [
0.20 |

015 [

010 [

(meV/cell)

1 2 3

005 [

MCA

LSDA —1.84 -7.0
GGA —4.04 -3.9 —4.14

e

0.00 |

005 [ E

4"1022,5' - '23,0' - ‘23_5' - ‘24,0' - ‘24_5' - '25,,, Table | gives the results f@, from the three types of the

Band Filling (electron/cell) calculations. It becomes clear that all three calculations yield
another sign oB, than the experiment, both for LSDA and
FIG. 3. The magnetocrystalline anisotropy energy derejiya GGA.
gfﬁcalculationbs Ve;’(sus the fi(:\llin)g Ofdtr:’ band f0r|/|0=l.(13r2 ‘évgh There are two possible conclusions. First, the results may
ifferent number ok points (N,) and basis energy cutoff€E(,,). PP - N
Thick solid line:N,=13 858 andE. =16 Ry; thick dashed line: g]r(z)l)fi?r:(zlt%ndseﬁggféno(j g]g ;\V\;gr TLOeSte)f(rcer?;:gneﬂ—)c/:oliiaelitiiﬂ
Nx=13858 andE.,=20.25 Ry; thin solid line:N,=4626 and . o . .
E.=16 Ry: thin dotted lineN, =13 858 ancE=12.25 Ry. functional of thgab initio density functlongl electrop theory
for the calculation of the magnetoelastic properties of Fe.
. . Second, one could also suspect that there are problems with
obtained. As an example, Fig. 3 shoeygca(l) of calcula-  the former experimental determinations Yof;, and B, for
tion 3 for I/l,=1.02 as a function of the band filling for re Forinstance, to obtain single-crystalline Fe, the materials
different energy cutoffs for the basis set of the FLAPW,yere goped with Si atoms in the past and this may reduce the
method and for different numbers &f points used for the  5yeraged-occupation number. It becomes obvious from Fig.
sampling of the Brillouin zone. A cutoff of 16 Ry is obvi- 3 hat there is a range of reducdéband filling for which a
ously suff|C|ent, since a 20.25 Ry cutoff_ gives almost 'de”t"change in sign fom,;; and B, is expected. We therefore
cal eyca in the whole range of band filling. In contrast, a suggest that the experimental determination gf, andB,, is

12.25 Ry cutoff is too small and its use causes an obvioUgspeated for the nowadays available ultrapure Fe single
shift of theey,ca curve. A number of 13 858 points for the crystals.

sampling of the irreducible Brillouin zone also appears to be

large enough since the results with 4d2@oints are already

reasonably close. Finally, an energy cutoff of 225 Ry was One of the author$éR.W. acknowledges support for the
used for the representation of the charge density and th@NR (Grant No. N00014-95-1-048%nd computing grants
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