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Calculation of uniaxial magnetic anisotropy energy of tetragonal and trigonal Fe, Co, and Ni
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The magnetic anisotropy energylAE) 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.
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[. INTRODUCTION magnetic thin film it always favors a magnetization in the
film plane. If PMA is observed, the shape anisotropy is over-
Magnetic thin films and multilayers have recently at- come by the intrinsic magnetocrystalline anisotr¢gMCA).
tracted large interest because of their technological imporThe latter has two distinct contributions, one that arises from
tance in data storage and sensor applications as well as the dipole-dipole interaction and another that has its micro-
fundamental research of magnetiSmpart from effects that  scopic origin in the relativistic spin-orbit couplif@0Q). In
arise at surfaces and interfaces due to the reduced coordindgie magnetic transition metals that are studied here, the di-
tion and hybridization with adjacent layers, these artificialpolar contribution to the MCA is much smalf&*®Thus, the
heterostructures allow by pseudomorphic growth to stabilizenain origin of the MAE is the coupling of the spin moment
structures that do not exist in bulk. Thin films grown epitaxi- to the crystal lattice via the SOC. In the remainder it is this
ally on a substrate will adapt its in-plane lattice parameter, iftontribution that will be referred to as MAE. In addition to
the lattice mismatch is not too large. The lattice parametethese volume contributions, the reduced coordination at sur-
perpendicular to the interface will acquire a value thatfaces and interfaces, as well as the hybridization with adja-
roughly conserves the unit-cell volume of the film. Hence,cent magnetic or nonmagnetic layers, affect the MAE and
the cubic symmetry of, e.g., Fe and Ni in bulk will be low- become increasingly important if the film thickness is re-
ered. To give a few examples, B&8Co and Ni(Ref. 5—as  duced.
well as their alloy&—grow epitaxially on C(001) with a The origin of the large uniaxial MAE in layered systems
tetragonally distorted fcc structure. On the other hand, Fe onan be understood from an expansion of the free-energy den-
Ag(001) (Ref. 7 and Ni on F€001) and AU00]) (Ref. 8 sity in terms of the magnetization direction relative to the
grow in a body-centered tetragor(att) structure. Co can be crystal axes? In a cubic crystal only anisotropy constants of
stabilized in a bct structure by epitaxial growth on fourth and higher order are involved. When the cubic sym-
GaAgq110 (Ref. 9. Examples for trigonal structures close to metry is broken, second-order anisotropy constants appear
fcc are Fe/C(111), (Refs. 10 and Jland Co/C¢111).*>1*  due to the splitting of previously degenerate states. Since the
A characteristic property of magnetic thin films and mul- magnetic anisotropy constants of oraeare proportional to
tilayers is the enhanced magnetic anisotropy en€vE). (¢/W)",1® where ¢ is the strength of the SOC anW! is the
The MAE for systems with cubic symmetry is very small, of width of thed band, a lowering of the symmetry gives rise to
the order of 1ueV/atom. Layered magnetic materials on thea strong enhancement of the MAE.
other hand exhibit an uniaxial MAE that is several orders of The aim of the present paper is to investigate the uniaxial
magnitude larger. Frequently it is observed that the magnetiMAE of tetragonal and trigonal structures of Fe, Co, and Ni,
easy axis is orientated along the film normal. This perpenas well as their linear magnetoelastic coupling coefficients,
dicular magnetic anisotropfPMA) is of technological inter- from first principles. The purpose is to estimate thalk
est in the context of magnetic and magneto-optical data stocontribution to the MAE of epitaxially grown films and het-
age media. erostructures. The tetragonal structures considered here are
The MAE of magnetic materials is usually discussed inplaced along the so-called Bain path that connects the bcc
terms of several contributions. The so-called shape anisotwith the fcc structure. A second path of distortion connects
ropy depends on the form of the magnetic specimen. In @he bcc with the fcc structure via trigonal structures, includ-
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ing the simple cubid¢sg structure as an intermediate phase.makes use of a Fourier series. The interstitial basis functions
The focus is on the trends of the MAE as a function of theare Bloch sums of Neumann and Hankel functions that are
distortion from the cubic symmetry. The calculations employaugmented by a numerical basis function inside the muffin-
infinite crystals, thereby neglecting interface and surface eftin spheres, in the standard way of the LMTO metfotf

fects, as it is often found that for thicker films the MAE is  The scalar-relativistic corrections were included in the
dominated by volume contributions due to epitaxial calculation of the radial basis functions inside the muffin-tin
strains'?’For all the structures studied here a ferromagneticspheres, whereas the spin-orbit coupling was included at the
order is assumed, even though it is not necessarily theariational step, as described bel&# so-called double ba-
ground state in some cas€s?® For example, tetragonal sis was used to ensure a well converged wave function, i.e.,
structures of Fe close to the fcc structure have been predicteédio interstitial basis functions with different tail energies
to be antiferromagnetit’?'~2*This has been confirmed ex- were used, each attached to its own) radial function.
perimentally in thin Fe fims on Q001).>2 However, it is  For the exchange-correlation potential the LDA was chosen
important to note that the structural stability and the magfor most calculations, as parametrized by von Barth and He-
netic order of a real magnetic film are crucially dependent ordin. For the determination of the linear magnetoelastic cou-
the details of preparation and the interaction of the film withpling coefficients the GGAPW91) was used for comparison
the substrate and/or adjacent layers. in some cases. From past experience it is hard to conclude
which exchange-correlation potential approximation results
in the best MAE. It also seems clear that one should neglect
the OP correction, which we have done.

First-principles calculations of the MAE of the ferromag- 1he above explained method was used to calculate the
netic transition metals in their bulk phases are not completel)‘r'”'ax'allog/'A%Ol’Vh'Ch for fgotragon?ollstructures is defined as
accurate in reproducing the experimental vaffed’For bcc  AE=E""—E™", whereE™"andE™" are the total energies
Fe and hcp Co the correct easy axes are found, whereas thdth the magnetization in thgl00] and[001] directions, i.e.,
absolute values of the MAE are less accurate. In the case &rpendicular or parallel to treaxis, respectively. For trigo-

Ni the wrong easy axis is obtained, even if the number ofnal distortions the MAE is defined asE=E**°—E,
approximations involved is reduced to a minimé&tiThe The MAE was evaluated from the force theorem, i.e., as
results for bcc Fe are improved when the generalized gradihe difference of the eigenvalue sums for the two magnetiza-
ent approximatiofiGGA) is used instead of the local-density tion directions®™**First, the electron density was calculated
approximation(LDA), but not for hcp Co and fcc NE self-consistently with a scalar-relativistic Hamiltonian, using

As was pointed out by Janséhthe failure of the density- the point-group symmetries that are common to both magne-
functional theory to describe the MAE is the neglect oftization directions. Then, in a subsequent step, the eigenval-
many-body correlations that—besides the SOC—give rise toies were obtained by a single diagonalization for each mag-
orbital moments. A scheme to mimic the effect of the corre-netization direction, using the fully relativistic Hamiltonian
lations, which in atomic physics is described by Hund’s secand the scalar-relativistic self-consistent potential.
ond rule, is the orbital polarizatiofOP) suggested by Eriks- For the integration in reciprocal space two different meth-
son et al® Calculations including both SOC and OP ods were used. Most of the discussion in the remainder fo-
successfully describe the orbital moments of the ferromageuses on the results that were obtained with the modified
netic transition metals and their allo§&31-33The inclusion tetrahedron metho@MTM) by Bléchl et al,* using approxi-
of OP in MAE calculations, however, usually gives valuesmately 6x10* k points in the full Brillouin zone(BZ). The
that are too high in comparison with experiméht® advantage of the MTM is that it is exact in the limit of an
The correct easy axis for fcc Ni was obtained using theinfinite number ofk points. For comparison, the BZ integra-
LDA + U method, which takes into account the Coulomb andtion was performed with the special points metffdtd as
exchange interactions between theelectrons in a mean- well, using approximately & 10* k points in the full BZ. A
field approximatior?* In these calculations an additional pa- Gaussian broadening of 20 mRy was applied to the eigenval-
rameter, the so-called Hubbatd, appears and is usually ues close to the Fermi energy. The Gaussian broadening
chosen to reproduce experimental results. However, thenethod(GBM) has been widely used for MAE calculations
value ofU that reproduced the MAE for fcc Ni was subse- recently, but suffers from the fact that the exact result is only
quently criticized not to correspond to a realistic numBer. recovered in the limit of vanishing smearing, or using higher-
For structures with a symmetry lower than cubic, e.g., thinorder terms in the expansion of tlefunction in Hermite
films and multilayers, first-principles calculations successpolynomials?® Correction terms to the GBM and the closely
fully reproduce, at least, the trends of the MAE®-40 related Fermi-Dirac broadening method have been discussed

All calculations presented here were done with a fullyin Ref. 49. Because of the nonlinear behavior of the MAE in
relativistic implementation of the full-potential linear muffin- the case of epitaxial strai8,>’ such as the tetragonal and
tin orbital (FP-LMTO) method* The crystal is divided into trigonal structures considered in Secs. Ill and 1V, very small
nonoverlapping muffin-tin spheres centered around thetrains were used for the determination of the linear magne-
atomic sites and an interstitial region in between. Inside thdéoelastic coupling coefficients in Sec. VI. These calculations
muffin-tins the density and potential are expanded by meansere performed with approximately>510° k points in the
of spherical harmonics times a radial component. In the infull BZ. To test the effect of the BZ integration on the mag-
terstitial region the expansion of the density and potentiahetoelastic coupling coefficients the eigenvalue sum was cal-

II. COMPUTATIONAL DETAILS
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culated with both BZ integration methods mentioned above. bet c/a
All calculations were done at the experimental equilibrium LA S

volume of the respective elementz,=11.78 A/atom, v, 10or
=11.08 A/atom, andv;=10.93 A/atom. 50
I11. UNIAXIAL MAGNETIC ANISOTROPY ENERGY 0 |
OF TETRAGONAL Fe, Co, AND Ni 50
If the ¢ axis of the bcc unit cell is elongated t@ times -100 I
its original length, the crystal transforms to fcc. Likewise, 200
the fcc unit cell can be transformed to bcc by reducingahe T :
axis accordingly. This path of distortion is often referred to g 2001
as the Bain path. The strain matrix used to describe a volume > 100f
conserving tetragonal distortion is = o i
Ty -100
1 0 0 2, 200
Vl+e, -300
0 1 0 : 1) 200
V1l+te, 100
0 0 1+e, 0
where the strain along theaxis is related to the/a ratio by aor
e,=(cla)?*-1. 200 |-
The calculated uniaxial MAE for tetragonal Fe, Co, and . .
Ni is shown in Fig. 1. For Fe the calculations were done with fct o/a

respect to the bcc structure, i.e/a=1 corresponds to bcc
while c/a=+/2 is fcc. The calculations for Co and Ni were
performed with respect to the fcc structure, i€a=1 is

FIG. 1. Calculated uniaxial MAE for tetragonal Fe, Co, and Ni
as a function of thec/a ratio using the LDA. MTM and GBM

X . . _ denote the different Brillouin-zone integration techniques used. The
identical to fcc, whilec/a= 1/\/5 corresponds to bee. vertical dotted lines indicate the bdeft) and fcc(right) structures.

The'unlaX|aI .MAE increases strongly for all three ele- Experimental results are shown as open squéRefs. 58—60
ments if the cubic symmetry is broken, for reasons that were

discussed above. For Co and (diiddle and lower panel in tortions from the cubic symmetry, the easy axis is along
Fig. 1) the uniaxial MAE isregularin the sense that it varies [001], while it is along the[100] direction forc/a<1 and
approximately linearly at small distortions from the cubic c/a> /2, respectively. Distorting all the way from bcc to
structures and reaches a maximum in magnitadéeast one fcc, two extra reorientations of the easy axis take place. At
maximum is required in order to connect the two symmetryc/a~1.07 it changes fromi001] to [100], and back td001]
dictated nodes centered at the cubic strucjuaesetragonal atc/a~1.36. An analysis of this anomaly is given in Sec. V.
structures halfway between bcc and fcc. For Co the easy axis Let us now compare the uniaxial MAE obtained from the
is along the[100] direction forc/a ratios between bce and two different BZ integration methods. For Co the GBM and
fcc, while it is perpendicular to it foc/a<1/J2 andc/a  the MTM vyield almost the same results, although the GBM
>1. For Ni the situation is reversed, i.e., the easy axis islightly overestimates the MAE. For Ni both methods yield
along the[001] direction for the tetragonal structures be- virtually the same MAE for structures close to fcc/é
tween bcc and fcc and alorfd00] otherwise. The absolute >0.9). At the bcc end, however, the MAE is strongly over-
value of the MAE of Co and Ni reaches a maximum of estimated by the GBM. In the case of Fe the results agree
~ 250 peV/atom atc/a~0.8-0.85. qualitatively and quantitatively for distortions close to fcc. At
The main difference between Co and Ni is the differentintermediatec/a ratios, in the range between the extra spin
sign of the uniaxial MAE for the tetragonal structures. Thisreorientations, the GBM overestimates the MAE and gives a
is intimately connected to the different signs of the magnegqualitatively different behavior. The observed differences in
toelastic coupling coefficients of these two elemefdt  the MAE calculated from the two different BZ integration
Table ) and can be understood in terms of the difference intechniques are not surprising, as the exact value of the MAE
band filling, in a rigid-band picturg is crucially dependent on the detailed topology of the Fermi
The uniaxial MAE for tetragonal structures of Fepper  surface. Since the GBM smears out these details to a certain
panel of Fig. 1 shows a more complicated dependence orextent, a false value for the MAE might be obtained. In Gd
the distortion. As for Co and Ni, the MAE varies approxi- metal, e.g., the GBM vyields a qualitatively wrong behavior
mately linearly for small distortions from the cubic struc- of the MAE %2
tures. On the bcc side, however, the linear region is much For comparison, experimental results are displayed as
smaller. Forc/a ratios between bcc and fcc, and small dis-open squares in Fig. 1. These values are estimated volume
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TABLE I. Calculated and measured linear magnetoelastic coupling coeffilderandB, for bcc Fe, fcc Co, and fcc Ni. The theoretical
results are from the present work, Wu and FreeitVilR) (Ref. 66, and Komelj and Hanle (KF) (Refs. 54—5Y. The results by WF and the
experimental values are calculated from magnetostriction coefficients using experimental elastic cdRefan&7 and 68 The experi-
mental results for fcc Co are extrapolated from measurements on Co-rich PdCo(Rlé&fgs69 and 70

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

B, (MJ/n?)
bce Fe -8.3 -48 —74(Ref. 66 —4.1(Ref.66  —10.1(Ref.54  —2.4(Ref. 54 -3.3
fcc Co -138 —-59 —-9.0(Ref.66 —55(Ref. 66 —159(Ref.56 —9.8(Ref.56 —12.7/—-6.8
fcc Ni 13.9 13.7 8.9Ref. 66 7.9 (Ref. 66 12.6 (Ref. 55 10.2 (Ref. 55 9.8
B, (MJ/mv)
bce Fe -8.9 —7.0(Ref. 57 —3.9(Ref. 57 10.53
fcc Co 10.6 3.0Ref. 57 4.5 (Ref. 57) 19.9/5.5
fcc Ni 38.8 16.9(Ref. 57 11.1(Ref. 57 10.%

aBulk, 0 K, Ref. 71.
PBulk, 0 K, Ref. 69.
Film, room temperature, Ref. 70.
dBulk, room temperature, Ref. 71.

contributions to the uniaxial MAE and can therefore be com-around e=0.15 the easy axis flips to tHeL 10] direction

pared to the first-principles results. The excellent agreemenyith approximately the same amplitude. Between sc and fcc

between the experimental and the calculated values might hge pehavior is qualitatively similar, but with a slightly re-
somewhat fortunate, as the precise determination of the epjj,ced maximum MAE.

taxial strains in thin films is not a trivial task. Furthermore,
the data for Co/P@01) superlattice® and thin Co films on
Cu(001) (Ref. 59 were obtained at room temperature,
whereas the calculations are done for 0 K. The MAE valu
for thin Ni films on CY001) (Ref. 60 was extrapolated to
0 K.

For trigonal Co(middle panel, the easy axis is along the
[111] direction between bcc and sc and reaches a maximum

evalue of~250 weV/atom, while it changes {dl. 10] around
sc with a maximum absolute value 6f120 peV/atom for
€~0.3. Around €e=0.48 an additional reorientation of the
easy axis occurs and the MAE becomes highly nonlinear in
the vicinity of fcc (see inset
For trigonal Ni(lower panel the situation is complicated
by the fact that the magnetic moment almost vanishes close
The second path of distortion considered here connect® the bcc structureg<0.1) and at trigonal strains around
the bcc structure and the fcc structure via trigonal structured).4. This is accompanied by a strongly reduced MAE. For
A trigonal distortion is described by strains slightly larger than 0.1 the easy axis points first along

[111] and switches then to tHel 10] direction, with a maxi-

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

d e e mum value of 32QueV/atom. Between sc and fcc the easy
e d e, 2) axis points along[111], with about the same maximum
e € d value. Arounde=0.4 the MAE is small due to the reduced

magnetic moment. For trigonal structures close to bcc, and
where the diagonal elementsare chosen to conserve the e<0, the MAE increases strongly. Aé=—0.05, e.g., it
unit-cell volume. The bcc structure correspondsete0,  amounts to 80QueV/atom, with a magnetic moment of
while fcc corresponds te=0.5. Additionally, the sc struc- 0.46ug. The difference in total energy between this trigo-
ture is passed along this path for a distortioneef0.25. nally strained bcc structure and the equilibrium fcc structure

In Fig. 2 the calculated uniaxial MAE for trigonal struc- is only 300 meV. Hence, thin Ni films with a considerably
tures of Fe, Co, and Ni is shown. The positions of the cubidarge PMA might be obtained by pseudomorphic growth on a
structures are indicated by vertical dotted lines. In general(111) surface, such that the Ni unit cell is close to bcc and
the strain dependence of the MAE is more complicated focontracted along the growth direction. To our knowledge, no
the trigonal structures than for the tetragonal structures preexperimental results on the MAE of such systems have been
sented in Fig. 1. published so far.

In the case of trigonal Féupper panel three reorienta- For the trigonal structures of all three elements both BZ
tions of the easy axis are observed between bcc and fcmtegration techniqueMTM and GBM) yield qualitatively
including the symmetry dictated node at the simple cubicsimilar results. Experimental results for the MAE of trigonal
structure. The easy axis is alofitl 1] for small strains close structure with accurately determined strains are rare. In the
to bce, and reaches a maximum value=0100 peV/atom.  most prominent system, Co/Cill), the MAE is strongly
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FIG. 3. Calculated dominated spin-down eigenvalues at fhe
point of tetragonal Fe relative to the Fermi energy as a function of
the c/a ratio. The Fermi energies of Fe and Co are indicated by
dashed lines. The energy scale is chosen scBpéat at zero for Fe.
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6800 more complex, and this part is therefore excluded from
Fig. 3. If fixed spin moment calculations were used, the
curves would be more or less symmetric around a distortion
halfway between bcc and fcc. The spin-dglominated ei-
genvalues at thE point are below the energy range of Fig. 3
and hence all occupied.

Close to the first reorientation of the easy axiscét
~1.07, thed,, eigenvalue crosses the Fermi level of Fe

X
(lower dashedyline in Fig.)3and becomes unoccupied. From

300

-300

-600

fcc

FIG. 2. Calculated uniaxial MAE for trigonal Fe, Co, and Ni as
a function of the trigonal straila using the LDA. MTM and GBM

denote the different Brillouin-zone integration techniques used. Th

vertical dotted lines indicate the bdteft), sc (middle), and fcc

a perturbation treatment of the SOC, it has been found that
the major cause of the reorientation of the easy axis is the

»O0C between the occupiet}, and the unoccupied,z_ 2

eigenvalues that disappear when the eigenvalue becomes

unoccupied® Hence the reorientation of the easy axis for
tetragonal Fe[Fig. 1) is consistent with the band crossing
shown in Fig. 3.
In order to estimate the influence of the eigenstates at the
g point on the MAE, a calculation was performed fofa
=1.089 where 2% of the total amount lofpoints, contained
in a sphere centered at thepoint, were excluded from the
summation of the eigenvalues. This leads to a shift of the
, ) , MAE from —36 pweV/atom to~ + 30 peV/atom and, con-
To explain Fhe a_nomalous behavior of the MAE in te”?‘g'sequently, a re(ﬁientation of the e:sy axis frph00] to
onal Fe(described in Sec. ] a _closer look at the eleqtromc 001]. Hence, the anomalous behavior of the uniaxial MAE
structure at the Fermi energy is needed. The Fermi level o, tetragonal Fe is connected to a topological change of the
Fe is situated in a valley of the density of states, where only-ermi surface occurring at the center of the BZ, which is
a few bands croskg. Hence, the influence from one band driven by a structural distortion.
on the MAE might be very strong, which calls for a band-  For Co, where no anomaly is seen, the dependence of the
structure analysis. eigenvalues on the distortion looks similar to that of Fe.
In Fig. 3 we show thed dominated eigenvalues of the Thus, Fig. 3 applies also for Co if the Fermi level is raised up
spin-down band at the high-symmetypoint, close to the to~1.1 eV (upper dashed lineo take into account the cor-
Fermi level. For bcc Fe ofa=1) the triply degenerate rect band filing. The Fermi level of Co, however, is not
tog-like eigenvalues are situated at—0.38 eV below the situated in a valley of the density of states, i.e., there_ are
Fermi level, and the doubly degeneraglike eigenvalues many bands crossinge, that contribute to the MAE. Co is
are situated at-1.4 eV above the Fermi level. A tetragonal therefore less sensitive to the influence of one band around
distortion splits these eigenvalues. Thg-like eigenvalue thel“'pomt. Flnally,_for Ni _the situation is co.mpletely differ-
with the orbital characted,, moves upward in energy while ent since the Fermi level is above all the eigenvalues shown
the ey-like eigenvalue withd,2_2 orbital character moves in Fig. 3.
downward. In the fcc limit thed,. > state becomes d,,
state, and vice versa, due to a 45° rotation of the coordinate
system between the two structures. However, on the fcc side, The linear magnetoelastic coupling coefficients of a cubic
the collapse of the spin momé&himakes the situation even systemB,; andB,, can be calculated from the strain depen-

(right) structures. The inset shows the MAE of Co at small distor-
tions from fcc.

dependent on the growth conditions and even changes si
between different experiment$14:63

V. ANALYSIS OF THE Fe ANOMALY

VI. MAGNETOELASTIC COUPLING
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dence of the MAE at small tetragonal and trigonal distortions VIl. SUMMARY
from the cubic structures. They are related to the more o _
widely used magnetostriction coefficientsy, andX 11, by The uniaxial MAE of tetragonal and trigonal Fe, Co, and

Ni was calculated from first principles using the FP-LMTO
method and the force theorem. The structures considered

B1=— 5N 10dC11~C12) (3)  here are placed along two paths of distortion connecting the

bcc and the fcc structure. As is expected from symmetry

and considerations, the uniaxial MAE increases by orders of
magnitude when the cubic symmetry is broken. For tetrago-

B2=—3N111Cua, (4)  nal structures of Co and Ni the symmetry dictated nodes of

the MAE at the cubic structures are connected by single
maxima situated halfway between the cubic structures along
the Bain path. In the case of tetragonal Fe, however, addi-
Sional reorientations of the easy axis are observed. This
anomaly is analyzed in terms of the eigenvalues of tetragonal

Because of the nonlinearity of the MAE close to the cubicgy, ot the high-symmetrj point, and can be attributed to a
571 ; S )
structure®®~>’it is crucial for the determination of the mag- topological change of the Fermi surface upon distortion.

netoelastic coupling coefficients to consider strains that are For the trigonal structures of all three elements studied

suffi_cie_ntly small, so that a linear dependenc_e of the MAE OMhere, the dependence of the MAE on distortion is more com-
strain is observeds, and B? are then obtamed_from_ the plicated than for the tetragonal structures. It was found that
slope of the MAE curve with respect to the distortion attrigonally distorted bcc Ni should exhibit a MAE of

c/a=1. 6§00 peVi/atom for a strain of=—0.05.

The calculated values from the present work are compile For comparison, the MAE was calculated using two dif-
in Table | together with the theoretical results by Wu andgg et g7 integration techniques. It was found that the two
Freeman and Komelj and Rale—who both used a full- o045 sometimes yield similar results but in order to have

potential .Ilnearlzed augmentgd plane-wgve method.—as WEH reliable value of the MAE the modified tetrahedron method
as experimental results. As in the previous theoretical stuq— to be preferred

ies, there is a large discrepancy between the experimental The linear magnetoelastic coupling coefficients were cal-

a;]nd theoret!cal ﬁgd"?gs- In the case ﬁf Ee’ e.g.l, V‘;e Obtailr.]egulated from the MAE at small distortions from the cubic
the wrong sign oB,, in agreement with the result of Komelj o jijibrium structures of the three elements and compared to

er ¥ 5772 :
anld chljnle. it Buthevenhthe results from the three trrlleolretl- experimental and previously published theoretical results.
cal studies differ, though not in a systematic way. The latteirpe correct sign and order of magnitude is obtained for all

can probably be attributed to differektpoint convergence systems, except fd8, of fcc Ni, which is strongly overesti-
and BZ integration methods, as the values of the linear magy, -1aq b’y our calculations arélz of bec Fe. for which the
netoelastic coupling coefficients for some of the system%rong sign is calculated. ' '

studied here depend crucially on the details of the BZ inte-
gration. For Fe, e.gB; changes by 30% upon increasing the
amount ofk points in the full BZ from 6x10* to 5x 10°,

and the difference between the two BZ integration methods We thank John M. Wills for supplying the FP-LMTO code
amounts to 40%. The results by Komelj andhRe**>"  and Rugian Wu, Klaus Baberschke, and Massimiliano
were obtained with 1.8 10° k points in the full BZ zone, Colarieti-Tosti for fruitful discussions. The financial support
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potential, it is not clear which of the approximatiothAor  were performed at the National Supercomputer Centre

whereC,4, C4», andC,, are elastic constantsqoand 114
describe the change of length alofid@0] and[111], respec-
tively, if the sample is brought from a state of zero averag
magnetization to a state magnetized along that direction.
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