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Calculation of uniaxial magnetic anisotropy energy of tetragonal and trigonal Fe, Co, and Ni

Till Burkert,* Olle Eriksson, Peter James, Sergei I. Simak, Bo¨rje Johansson, and Lars Nordstro¨m
Department of Physics, Uppsala Universitet, Box 530, 751 21 Uppsala, Sweden

~Received 30 October 2003; published 25 March 2004!

The magnetic anisotropy energy~MAE! of Fe, Co, and Ni is presented for tetragonal and trigonal structures
along two paths of structural distortion connecting the bcc and the fcc structure. The MAE was calculated from
first principles with the full-potential linear muffin-tin orbital method and the force theorem. As is expected
from symmetry considerations, the MAE increases by orders of magnitude when the cubic symmetry is broken.
For tetragonal structures of Co and Ni a regular behavior of the MAE is observed, i.e., only the symmetry
dictated nodes at the cubic structures appear along this path of distortion. In the case of tetragonal Fe,
additional reorientations of the easy axis occur that are attributed to a topological change of the Fermi surface
upon distortion. For the trigonal structures of all three elements the strain dependence of the MAE is more
complicated, with additional reorientations of the easy axis and an unexpectedly large MAE for certain dis-
tortions of Ni, and a strongly nonlinear behavior for trigonal structures of Co close to fcc. Furthermore, the
linear magnetoelastic coupling coefficients are calculated from the MAE at small distortions from the cubic
equilibrium structure of the three elements. Two different Brillouin-zone integration techniques were used to
calculate the MAE. Since the Gaussian broadening method smears out details of the Fermi surface, it results in
a different MAE as compared to the tetrahedron method in some cases.

DOI: 10.1103/PhysRevB.69.104426 PACS number~s!: 75.30.Gw, 75.70.Ak, 71.20.Be, 75.80.1q
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I. INTRODUCTION

Magnetic thin films and multilayers have recently a
tracted large interest because of their technological imp
tance in data storage and sensor applications as well a
fundamental research of magnetism.1 Apart from effects that
arise at surfaces and interfaces due to the reduced coor
tion and hybridization with adjacent layers, these artific
heterostructures allow by pseudomorphic growth to stabi
structures that do not exist in bulk. Thin films grown epita
ally on a substrate will adapt its in-plane lattice paramete
the lattice mismatch is not too large. The lattice parame
perpendicular to the interface will acquire a value th
roughly conserves the unit-cell volume of the film. Henc
the cubic symmetry of, e.g., Fe and Ni in bulk will be low
ered. To give a few examples, Fe,2,3 Co,4 and Ni~Ref. 5!—as
well as their alloys6—grow epitaxially on Cu~001! with a
tetragonally distorted fcc structure. On the other hand, Fe
Ag~001! ~Ref. 7! and Ni on Fe~001! and Au~001! ~Ref. 8!
grow in a body-centered tetragonal~bct! structure. Co can be
stabilized in a bct structure by epitaxial growth o
GaAs~110! ~Ref. 9!. Examples for trigonal structures close
fcc are Fe/Cu~111!, ~Refs. 10 and 11! and Co/Cu~111!.12–14

A characteristic property of magnetic thin films and mu
tilayers is the enhanced magnetic anisotropy energy~MAE!.
The MAE for systems with cubic symmetry is very small,
the order of 1meV/atom. Layered magnetic materials on t
other hand exhibit an uniaxial MAE that is several orders
magnitude larger. Frequently it is observed that the magn
easy axis is orientated along the film normal. This perp
dicular magnetic anisotropy~PMA! is of technological inter-
est in the context of magnetic and magneto-optical data s
age media.

The MAE of magnetic materials is usually discussed
terms of several contributions. The so-called shape ani
ropy depends on the form of the magnetic specimen. I
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magnetic thin film it always favors a magnetization in t
film plane. If PMA is observed, the shape anisotropy is ov
come by the intrinsic magnetocrystalline anisotropy~MCA!.
The latter has two distinct contributions, one that arises fr
the dipole-dipole interaction and another that has its mic
scopic origin in the relativistic spin-orbit coupling~SOC!. In
the magnetic transition metals that are studied here, the
polar contribution to the MCA is much smaller.15,16Thus, the
main origin of the MAE is the coupling of the spin mome
to the crystal lattice via the SOC. In the remainder it is th
contribution that will be referred to as MAE. In addition t
these volume contributions, the reduced coordination at
faces and interfaces, as well as the hybridization with ad
cent magnetic or nonmagnetic layers, affect the MAE a
become increasingly important if the film thickness is r
duced.

The origin of the large uniaxial MAE in layered system
can be understood from an expansion of the free-energy
sity in terms of the magnetization direction relative to t
crystal axes.15 In a cubic crystal only anisotropy constants
fourth and higher order are involved. When the cubic sy
metry is broken, second-order anisotropy constants ap
due to the splitting of previously degenerate states. Since
magnetic anisotropy constants of ordern are proportional to
(j/W)n,15 wherej is the strength of the SOC andW is the
width of thed band, a lowering of the symmetry gives rise
a strong enhancement of the MAE.

The aim of the present paper is to investigate the unia
MAE of tetragonal and trigonal structures of Fe, Co, and
as well as their linear magnetoelastic coupling coefficien
from first principles. The purpose is to estimate thebulk
contribution to the MAE of epitaxially grown films and he
erostructures. The tetragonal structures considered here
placed along the so-called Bain path that connects the
with the fcc structure. A second path of distortion conne
the bcc with the fcc structure via trigonal structures, inclu
©2004 The American Physical Society26-1
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ing the simple cubic~sc! structure as an intermediate phas
The focus is on the trends of the MAE as a function of t
distortion from the cubic symmetry. The calculations emp
infinite crystals, thereby neglecting interface and surface
fects, as it is often found that for thicker films the MAE
dominated by volume contributions due to epitax
strains.12,17For all the structures studied here a ferromagne
order is assumed, even though it is not necessarily
ground state in some cases.18–23 For example, tetragona
structures of Fe close to the fcc structure have been pred
to be antiferromagnetic.19,21–24This has been confirmed ex
perimentally in thin Fe films on Cu~001!.2,3 However, it is
important to note that the structural stability and the m
netic order of a real magnetic film are crucially dependent
the details of preparation and the interaction of the film w
the substrate and/or adjacent layers.

II. COMPUTATIONAL DETAILS

First-principles calculations of the MAE of the ferroma
netic transition metals in their bulk phases are not comple
accurate in reproducing the experimental values.25–27For bcc
Fe and hcp Co the correct easy axes are found, wherea
absolute values of the MAE are less accurate. In the cas
Ni the wrong easy axis is obtained, even if the number
approximations involved is reduced to a minimum.26 The
results for bcc Fe are improved when the generalized gr
ent approximation~GGA! is used instead of the local-densi
approximation~LDA !, but not for hcp Co and fcc Ni.28

As was pointed out by Jansen,29 the failure of the density-
functional theory to describe the MAE is the neglect
many-body correlations that—besides the SOC—give ris
orbital moments. A scheme to mimic the effect of the cor
lations, which in atomic physics is described by Hund’s s
ond rule, is the orbital polarization~OP! suggested by Eriks
son et al.30 Calculations including both SOC and O
successfully describe the orbital moments of the ferrom
netic transition metals and their alloys.26,31–33The inclusion
of OP in MAE calculations, however, usually gives valu
that are too high in comparison with experiment.17,26

The correct easy axis for fcc Ni was obtained using
LDA1U method, which takes into account the Coulomb a
exchange interactions between thed electrons in a mean
field approximation.34 In these calculations an additional p
rameter, the so-called HubbardU, appears and is usuall
chosen to reproduce experimental results. However,
value ofU that reproduced the MAE for fcc Ni was subs
quently criticized not to correspond to a realistic numbe35

For structures with a symmetry lower than cubic, e.g., t
films and multilayers, first-principles calculations succe
fully reproduce, at least, the trends of the MAE.17,36–40

All calculations presented here were done with a fu
relativistic implementation of the full-potential linear muffin
tin orbital ~FP-LMTO! method.41 The crystal is divided into
nonoverlapping muffin-tin spheres centered around
atomic sites and an interstitial region in between. Inside
muffin-tins the density and potential are expanded by me
of spherical harmonics times a radial component. In the
terstitial region the expansion of the density and poten
10442
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makes use of a Fourier series. The interstitial basis functi
are Bloch sums of Neumann and Hankel functions that
augmented by a numerical basis function inside the muf
tin spheres, in the standard way of the LMTO method.42,43

The scalar-relativistic corrections were included in t
calculation of the radial basis functions inside the muffin-
spheres, whereas the spin-orbit coupling was included at
variational step, as described below.42 A so-called double ba-
sis was used to ensure a well converged wave function,
two interstitial basis functions with different tail energie
were used, each attached to its own (n,,) radial function.
For the exchange-correlation potential the LDA was cho
for most calculations, as parametrized by von Barth and
din. For the determination of the linear magnetoelastic c
pling coefficients the GGA~PW91! was used for comparison
in some cases. From past experience it is hard to conc
which exchange-correlation potential approximation resu
in the best MAE. It also seems clear that one should neg
the OP correction, which we have done.

The above explained method was used to calculate
uniaxial MAE, which for tetragonal structures is defined
DE5E1002E001, whereE100 andE001 are the total energies
with the magnetization in the@100# and@001# directions, i.e.,
perpendicular or parallel to thec axis, respectively. For trigo-
nal distortions the MAE is defined asDE5E11̄02E111.

The MAE was evaluated from the force theorem, i.e.,
the difference of the eigenvalue sums for the two magnet
tion directions.25,44 First, the electron density was calculate
self-consistently with a scalar-relativistic Hamiltonian, usi
the point-group symmetries that are common to both mag
tization directions. Then, in a subsequent step, the eigen
ues were obtained by a single diagonalization for each m
netization direction, using the fully relativistic Hamiltonia
and the scalar-relativistic self-consistent potential.

For the integration in reciprocal space two different me
ods were used. Most of the discussion in the remainder
cuses on the results that were obtained with the modi
tetrahedron method~MTM ! by Blöchl et al.,45 using approxi-
mately 63104 k points in the full Brillouin zone~BZ!. The
advantage of the MTM is that it is exact in the limit of a
infinite number ofk points. For comparison, the BZ integra
tion was performed with the special points method46,47 as
well, using approximately 33104 k points in the full BZ. A
Gaussian broadening of 20 mRy was applied to the eigen
ues close to the Fermi energy. The Gaussian broade
method~GBM! has been widely used for MAE calculation
recently, but suffers from the fact that the exact result is o
recovered in the limit of vanishing smearing, or using high
order terms in the expansion of thed function in Hermite
polynomials.48 Correction terms to the GBM and the close
related Fermi-Dirac broadening method have been discu
in Ref. 49. Because of the nonlinear behavior of the MAE
the case of epitaxial strains,50–57 such as the tetragonal an
trigonal structures considered in Secs. III and IV, very sm
strains were used for the determination of the linear mag
toelastic coupling coefficients in Sec. VI. These calculatio
were performed with approximately 53105 k points in the
full BZ. To test the effect of the BZ integration on the ma
netoelastic coupling coefficients the eigenvalue sum was
6-2
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CALCULATION OF UNIAXIAL MAGNETIC ANISOTROPY . . . PHYSICAL REVIEW B 69, 104426 ~2004!
culated with both BZ integration methods mentioned abo
All calculations were done at the experimental equilibriu
volume of the respective element,vFe511.78 Å3/atom, vCo
511.08 Å3/atom, andvNi510.93 Å3/atom.

III. UNIAXIAL MAGNETIC ANISOTROPY ENERGY
OF TETRAGONAL Fe, Co, AND Ni

If the c axis of the bcc unit cell is elongated toA2 times
its original length, the crystal transforms to fcc. Likewis
the fcc unit cell can be transformed to bcc by reducing thc
axis accordingly. This path of distortion is often referred
as the Bain path. The strain matrix used to describe a volu
conserving tetragonal distortion is

S 1

A11ez

0 0

0
1

A11ez

0

0 0 11ez

D , ~1!

where the strain along thec axis is related to thec/a ratio by
ez5(c/a)2/321.

The calculated uniaxial MAE for tetragonal Fe, Co, a
Ni is shown in Fig. 1. For Fe the calculations were done w
respect to the bcc structure, i.e.,c/a51 corresponds to bcc
while c/a5A2 is fcc. The calculations for Co and Ni wer
performed with respect to the fcc structure, i.e.,c/a51 is
identical to fcc, whilec/a51/A2 corresponds to bcc.

The uniaxial MAE increases strongly for all three el
ments if the cubic symmetry is broken, for reasons that w
discussed above. For Co and Ni~middle and lower panel in
Fig. 1! the uniaxial MAE isregular in the sense that it varie
approximately linearly at small distortions from the cub
structures and reaches a maximum in magnitude~at least one
maximum is required in order to connect the two symme
dictated nodes centered at the cubic structures! at tetragonal
structures halfway between bcc and fcc. For Co the easy
is along the@100# direction for c/a ratios between bcc an
fcc, while it is perpendicular to it forc/a,1/A2 and c/a
.1. For Ni the situation is reversed, i.e., the easy axis
along the@001# direction for the tetragonal structures b
tween bcc and fcc and along@100# otherwise. The absolute
value of the MAE of Co and Ni reaches a maximum
'250 meV/atom atc/a'0.8–0.85.

The main difference between Co and Ni is the differe
sign of the uniaxial MAE for the tetragonal structures. Th
is intimately connected to the different signs of the mag
toelastic coupling coefficients of these two elements~cf.
Table I! and can be understood in terms of the difference
band filling, in a rigid-band picture.61

The uniaxial MAE for tetragonal structures of Fe~upper
panel of Fig. 1! shows a more complicated dependence
the distortion. As for Co and Ni, the MAE varies approx
mately linearly for small distortions from the cubic stru
tures. On the bcc side, however, the linear region is m
smaller. Forc/a ratios between bcc and fcc, and small d
10442
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tortions from the cubic symmetry, the easy axis is alo
@001#, while it is along the@100# direction for c/a,1 and
c/a.A2, respectively. Distorting all the way from bcc t
fcc, two extra reorientations of the easy axis take place.
c/a'1.07 it changes from@001# to @100#, and back to@001#
at c/a'1.36. An analysis of this anomaly is given in Sec.

Let us now compare the uniaxial MAE obtained from t
two different BZ integration methods. For Co the GBM an
the MTM yield almost the same results, although the GB
slightly overestimates the MAE. For Ni both methods yie
virtually the same MAE for structures close to fcc (c/a
.0.9). At the bcc end, however, the MAE is strongly ove
estimated by the GBM. In the case of Fe the results ag
qualitatively and quantitatively for distortions close to fcc. A
intermediatec/a ratios, in the range between the extra sp
reorientations, the GBM overestimates the MAE and give
qualitatively different behavior. The observed differences
the MAE calculated from the two different BZ integratio
techniques are not surprising, as the exact value of the M
is crucially dependent on the detailed topology of the Fe
surface. Since the GBM smears out these details to a ce
extent, a false value for the MAE might be obtained. In G
metal, e.g., the GBM yields a qualitatively wrong behav
of the MAE.62

For comparison, experimental results are displayed
open squares in Fig. 1. These values are estimated vol

FIG. 1. Calculated uniaxial MAE for tetragonal Fe, Co, and
as a function of thec/a ratio using the LDA. MTM and GBM
denote the different Brillouin-zone integration techniques used.
vertical dotted lines indicate the bcc~left! and fcc~right! structures.
Experimental results are shown as open squares~Refs. 58–60!.
6-3
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TABLE I. Calculated and measured linear magnetoelastic coupling coefficientsB1 andB2 for bcc Fe, fcc Co, and fcc Ni. The theoretica
results are from the present work, Wu and Freeman~WF! ~Ref. 66!, and Komelj and Fa¨hnle ~KF! ~Refs. 54–57!. The results by WF and the
experimental values are calculated from magnetostriction coefficients using experimental elastic constants~Refs. 67 and 68!. The experi-
mental results for fcc Co are extrapolated from measurements on Co-rich PdCo alloys~Refs. 69 and 70!.

This work WF KF Expt.
LDA GGA LDA GGA LDA GGA

B1 (MJ/m3)
bcc Fe 28.3 24.8 27.4 ~Ref. 66! 24.1 ~Ref. 66! 210.1 ~Ref. 54! 22.4 ~Ref. 54! 23.3a

fcc Co 213.8 25.9 29.0 ~Ref. 66! 25.5 ~Ref. 66! 215.9 ~Ref. 56! 29.8 ~Ref. 56! 212.7b/26.8c

fcc Ni 13.9 13.7 8.9~Ref. 66! 7.9 ~Ref. 66! 12.6 ~Ref. 55! 10.2 ~Ref. 55! 9.2d

B2 (MJ/m3)
bcc Fe 28.9 27.0 ~Ref. 57! 23.9 ~Ref. 57! 10.5a

fcc Co 10.6 3.0~Ref. 57! 4.5 ~Ref. 57! 19.3b/5.5c

fcc Ni 38.8 16.9~Ref. 57! 11.1 ~Ref. 57! 10.2d

aBulk, 0 K, Ref. 71.
bBulk, 0 K, Ref. 69.
cFilm, room temperature, Ref. 70.
dBulk, room temperature, Ref. 71.
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contributions to the uniaxial MAE and can therefore be co
pared to the first-principles results. The excellent agreem
between the experimental and the calculated values migh
somewhat fortunate, as the precise determination of the
taxial strains in thin films is not a trivial task. Furthermor
the data for Co/Pd~001! superlattices58 and thin Co films on
Cu~001! ~Ref. 59! were obtained at room temperatur
whereas the calculations are done for 0 K. The MAE va
for thin Ni films on Cu~001! ~Ref. 60! was extrapolated to
0 K.

IV. UNIAXIAL MAGNETIC ANISOTROPY ENERGY OF
TRIGONAL Fe, Co, AND Ni

The second path of distortion considered here conn
the bcc structure and the fcc structure via trigonal structu
A trigonal distortion is described by

S d e e

e d e

e e d
D , ~2!

where the diagonal elementsd are chosen to conserve th
unit-cell volume. The bcc structure corresponds toe50,
while fcc corresponds toe50.5. Additionally, the sc struc-
ture is passed along this path for a distortion ofe50.25.

In Fig. 2 the calculated uniaxial MAE for trigonal struc
tures of Fe, Co, and Ni is shown. The positions of the cu
structures are indicated by vertical dotted lines. In gene
the strain dependence of the MAE is more complicated
the trigonal structures than for the tetragonal structures
sented in Fig. 1.

In the case of trigonal Fe~upper panel! three reorienta-
tions of the easy axis are observed between bcc and
including the symmetry dictated node at the simple cu
structure. The easy axis is along@111# for small strains close
to bcc, and reaches a maximum value of'100 meV/atom.
10442
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Around e50.15 the easy axis flips to the@11̄0# direction
with approximately the same amplitude. Between sc and
the behavior is qualitatively similar, but with a slightly re
duced maximum MAE.

For trigonal Co~middle panel!, the easy axis is along th
@111# direction between bcc and sc and reaches a maxim
value of'250 meV/atom, while it changes to@11̄0# around
sc with a maximum absolute value of'120 meV/atom for
e'0.3. Arounde50.48 an additional reorientation of th
easy axis occurs and the MAE becomes highly nonlinea
the vicinity of fcc ~see inset!.

For trigonal Ni~lower panel! the situation is complicated
by the fact that the magnetic moment almost vanishes c
to the bcc structure (e,0.1) and at trigonal strains aroun
0.4. This is accompanied by a strongly reduced MAE. F
strains slightly larger than 0.1 the easy axis points first alo
@111# and switches then to the@11̄0# direction, with a maxi-
mum value of 320meV/atom. Between sc and fcc the ea
axis points along@111#, with about the same maximum
value. Arounde50.4 the MAE is small due to the reduce
magnetic moment. For trigonal structures close to bcc,
e,0, the MAE increases strongly. Ate520.05, e.g., it
amounts to 800meV/atom, with a magnetic moment o
0.46mB . The difference in total energy between this trig
nally strained bcc structure and the equilibrium fcc struct
is only 300 meV. Hence, thin Ni films with a considerab
large PMA might be obtained by pseudomorphic growth o
~111! surface, such that the Ni unit cell is close to bcc a
contracted along the growth direction. To our knowledge,
experimental results on the MAE of such systems have b
published so far.

For the trigonal structures of all three elements both
integration techniques~MTM and GBM! yield qualitatively
similar results. Experimental results for the MAE of trigon
structure with accurately determined strains are rare. In
most prominent system, Co/Cu~111!, the MAE is strongly
6-4
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CALCULATION OF UNIAXIAL MAGNETIC ANISOTROPY . . . PHYSICAL REVIEW B 69, 104426 ~2004!
dependent on the growth conditions and even changes
between different experiments.13,14,63

V. ANALYSIS OF THE Fe ANOMALY

To explain the anomalous behavior of the MAE in tetra
onal Fe~described in Sec. III!, a closer look at the electroni
structure at the Fermi energy is needed. The Fermi leve
Fe is situated in a valley of the density of states, where o
a few bands crossEF . Hence, the influence from one ban
on the MAE might be very strong, which calls for a ban
structure analysis.

In Fig. 3 we show thed dominated eigenvalues of th
spin-down band at the high-symmetryG point, close to the
Fermi level. For bcc Fe (c/a51) the triply degenerate
t2g-like eigenvalues are situated at'20.38 eV below the
Fermi level, and the doubly degenerateeg-like eigenvalues
are situated at'1.4 eV above the Fermi level. A tetragon
distortion splits these eigenvalues. Thet2g-like eigenvalue
with the orbital characterdxy moves upward in energy while
the eg-like eigenvalue withdx22y2 orbital character moves
downward. In the fcc limit thedx22y2 state becomes adxy
state, and vice versa, due to a 45° rotation of the coordin
system between the two structures. However, on the fcc s
the collapse of the spin moment64 makes the situation eve

FIG. 2. Calculated uniaxial MAE for trigonal Fe, Co, and Ni
a function of the trigonal straine using the LDA. MTM and GBM
denote the different Brillouin-zone integration techniques used.
vertical dotted lines indicate the bcc~left!, sc ~middle!, and fcc
~right! structures. The inset shows the MAE of Co at small dist
tions from fcc.
10442
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more complex, and this part is therefore excluded fro
Fig. 3. If fixed spin moment calculations were used, t
curves would be more or less symmetric around a distor
halfway between bcc and fcc. The spin-upd dominated ei-
genvalues at theG point are below the energy range of Fig.
and hence all occupied.

Close to the first reorientation of the easy axis atc/a
'1.07, thedxy eigenvalue crosses the Fermi level of F
~lower dashed line in Fig. 3! and becomes unoccupied. Fro
a perturbation treatment of the SOC, it has been found
the major cause of the reorientation of the easy axis is
SOC between the occupieddxy and the unoccupieddx22y2

eigenvalues that disappear when thedxy eigenvalue become
unoccupied.65 Hence the reorientation of the easy axis f
tetragonal Fe~Fig. 1! is consistent with the band crossin
shown in Fig. 3.

In order to estimate the influence of the eigenstates at
G point on the MAE, a calculation was performed forc/a
51.089 where 2% of the total amount ofk points, contained
in a sphere centered at theG point, were excluded from the
summation of the eigenvalues. This leads to a shift of
MAE from 236 meV/atom to'130 meV/atom and, con-
sequently, a reorientation of the easy axis from@100# to
@001#. Hence, the anomalous behavior of the uniaxial MA
in tetragonal Fe is connected to a topological change of
Fermi surface occurring at the center of the BZ, which
driven by a structural distortion.

For Co, where no anomaly is seen, the dependence o
eigenvalues on the distortion looks similar to that of F
Thus, Fig. 3 applies also for Co if the Fermi level is raised
to '1.1 eV ~upper dashed line! to take into account the cor
rect band filling. The Fermi level of Co, however, is n
situated in a valley of the density of states, i.e., there
many bands crossingEF , that contribute to the MAE. Co is
therefore less sensitive to the influence of one band aro
theG point. Finally, for Ni the situation is completely differ
ent since the Fermi level is above all the eigenvalues sho
in Fig. 3.

VI. MAGNETOELASTIC COUPLING

The linear magnetoelastic coupling coefficients of a cu
system,B1 andB2, can be calculated from the strain depe

e

-

FIG. 3. Calculatedd dominated spin-down eigenvalues at theG
point of tetragonal Fe relative to the Fermi energy as a function
the c/a ratio. The Fermi energies of Fe and Co are indicated
dashed lines. The energy scale is chosen so thatEF is at zero for Fe.
6-5
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TILL BURKERT et al. PHYSICAL REVIEW B 69, 104426 ~2004!
dence of the MAE at small tetragonal and trigonal distortio
from the cubic structures. They are related to the m
widely used magnetostriction coefficientsl100 andl111 by

B152
3

2
l100~C112C12! ~3!

and

B2523l111C44, ~4!

whereC11, C12, andC44 are elastic constants.l100 andl111
describe the change of length along@100# and@111#, respec-
tively, if the sample is brought from a state of zero avera
magnetization to a state magnetized along that direction

Because of the nonlinearity of the MAE close to the cu
structures50–57 it is crucial for the determination of the mag
netoelastic coupling coefficients to consider strains that
sufficiently small, so that a linear dependence of the MAE
strain is observed.B1 and B2 are then obtained from th
slope of the MAE curve with respect to the distortion
c/a51.

The calculated values from the present work are comp
in Table I together with the theoretical results by Wu a
Freeman and Komelj and Fa¨hnle—who both used a full-
potential linearized augmented plane-wave method—as
as experimental results. As in the previous theoretical s
ies, there is a large discrepancy between the experime
and theoretical findings. In the case of Fe, e.g., we obtai
the wrong sign ofB2, in agreement with the result of Kome
and Fähnle.57,72 But even the results from the three theore
cal studies differ, though not in a systematic way. The la
can probably be attributed to differentk point convergence
and BZ integration methods, as the values of the linear m
netoelastic coupling coefficients for some of the syste
studied here depend crucially on the details of the BZ in
gration. For Fe, e.g.,B1 changes by 30% upon increasing t
amount ofk points in the full BZ from 63104 to 53105,
and the difference between the two BZ integration meth
amounts to 40%. The results by Komelj and Fa¨hnle54–57

were obtained with 1.33105 k points in the full BZ zone,
and both BZ integration techniques were considered. In R
66, however, the details on how the BZ integration was m
are missing. As for the choice of the exchange-correlat
potential, it is not clear which of the approximations~LDA or
GGA! is to be preferred.
.
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VII. SUMMARY

The uniaxial MAE of tetragonal and trigonal Fe, Co, a
Ni was calculated from first principles using the FP-LMT
method and the force theorem. The structures conside
here are placed along two paths of distortion connecting
bcc and the fcc structure. As is expected from symme
considerations, the uniaxial MAE increases by orders
magnitude when the cubic symmetry is broken. For tetra
nal structures of Co and Ni the symmetry dictated nodes
the MAE at the cubic structures are connected by sin
maxima situated halfway between the cubic structures al
the Bain path. In the case of tetragonal Fe, however, a
tional reorientations of the easy axis are observed. T
anomaly is analyzed in terms of the eigenvalues of tetrago
Fe at the high-symmetryG point, and can be attributed to
topological change of the Fermi surface upon distortion.

For the trigonal structures of all three elements stud
here, the dependence of the MAE on distortion is more co
plicated than for the tetragonal structures. It was found t
trigonally distorted bcc Ni should exhibit a MAE o
800 meV/atom for a strain ofe520.05.

For comparison, the MAE was calculated using two d
ferent BZ integration techniques. It was found that the t
methods sometimes yield similar results but in order to h
a reliable value of the MAE the modified tetrahedron meth
is to be preferred.

The linear magnetoelastic coupling coefficients were c
culated from the MAE at small distortions from the cub
equilibrium structures of the three elements and compare
experimental and previously published theoretical resu
The correct sign and order of magnitude is obtained for
systems, except forB2 of fcc Ni, which is strongly overesti-
mated by our calculations, andB2 of bcc Fe, for which the
wrong sign is calculated.
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