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Ab initio search for a high permeability material based on bcc iron
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Using the fully relativistic spin-polarized Korringa-Kohn-Rostoker method, we study the prototypical soft
magnet, bcc iron. We investigate how its magnetic anisotropy~MAE! varies as a function of volume, band
filling, and tetragonal distortions of the crystal lattice. We follow the trends of the linear magnetostriction and
magnetic permeability. We find that a slight reduction in band filling and modest lattice expansion produces a
significant magnetic softening of this model system. We explore whether this situation can be realized by
doping bcc Fe with vanadium. Treating the compositional disorder with the coherent potential approximation,
we calculate the magnetic anisotropy and magnetostriction trends of iron-rich Fe12cVc disordered alloys and
find the behavior to accord with the predictions from the bcc Fe model. In particular we find that forc'0.1 the
MAE is very small and the linear magnetostriction is zero. We propose Fe0.9V0.1 as a high permeability
material. Fair agreement with experimental values for the MAE and magnetostriction of both Fe and FeV is
found.
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I. INTRODUCTION

Soft ferromagnetic materials allow changes in magnet
tion to occur easily in weak fields, i.e., they have high ma
netic permeability. They find applications ranging from ele
trical power generation and magnetic shielding to magn
recording heads and spin valve devices.1,2 For a magnet to be
‘‘soft,’’ changes to the overall magnetization must be able
happen easily. This implies that its magnetic anisotropy c
stantsK are very small so that the energies of domain wa
are low. The internal stresses caused by such changes
also be minimal so that the magnetostriction coefficientsl
are as small as possible. Roughly, the magnetic permeab
m}Ms

2/Ke f f , whereMs is the saturation magnetization an
Ke f f is a measure of magnetic anisotropy and magnetos
tion, Ke f f5Ke f f(K,l).

In a binary component soft magnetic material,K andl do
not generally pass through or near zero together. For
ample, in iron-nickel permalloys,K andl pass through zero
at different compositions and the addition of a third or fou
component is required to achieve ‘‘the focus of zero.’’3 This
is done practically by checking hundreds of samples.3 In this
paper, we explore the variation of these two factorsK andl
usingab initio spin polarized, relativistic electronic structu
calculations and attempt to design optimally soft magne
materials. For the first such study we choose an uncom
cated system, namely the prototypical soft magnetic mate
bcc iron, and examine how itsK and l would vary if its
lattice spacing~volume! and number of valence electron
~band filling! could be altered. We find that on reducing t
band filling marginally and increasing the volume slight
iron’s magnetic properties soften considerably. We then
this model by an explicit study of iron-rich Fe-V alloys an
find the optimal composition for smallestK andl. In a sub-
sequent paper4 we carry out an analogous investigatio
where we start from Ni0.75Fe0.25 permalloy and consider th
0163-1829/2004/69~6!/064425~7!/$22.50 69 0644
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addition of Cu and Mo dopants.
Fe-V alloys are also magnetic materials of significant

terest in their own right. The rather small lattice mismat
between Fe and V has made Fe/V thin film and multilaye
systems very attractive5–14 for studies of the interconnection
between structure, magnetism, and chemical order. The
servations of magnetocrystalline anisotropy~MAE! in Fe/V
films show15 the easy axis to be along@100# and the magni-
tude of the MAE to be small, comparable to that of bulk b
Fe. Electronic structure density-functional calculatio
~DFT! also calculate the easy axis to be@100# in Fe/V.16

Despite this recent work on Fe/V thin films much less
known about the magnetic anisotropy of the bulk alloy
Here we study the magnetic anisotropy of Fe12cVc as a
function of both small concentrationsc of V and also lattice
distortions. It is known experimentally that the saturati
magnetostrictionls of bcc Fe is negative. Its magnitude d
creases when lightly doped with V and with around 5 at.
V, ls , measured in polycrystalline samples,17 is almost zero.
For further addition of V,ls changes its sign to positive
reaching the value of 831026 at 15 at. % V. There is thus a
particular Fe-rich concentration of Fe12xVx where the mag-
netostriction is as small as possible while the magnetoc
talline anisotropy constantK remains very low for this mag-
netically soft alloy. Both these attributes (K.0 andl.0)
promote high permeability and along with their high Cur
temperatures and saturation magnetizations enhance the
of iron-rich Fe-V alloys.

In the following section we briefly summarize our a
proach for calculating the magnetic anisotropy of metals a
alloys. It is based on the spin-polarized relativistic Korring
Kohn-Rostoker ~SPR-KKR! DFT method, within the
coherent-potential approximation~CPA! ~Refs. 18,19! for al-
loys. We show how magnetostriction can also be found.
the following section we use the method to study the va
tion of the MAE of bcc iron with band filling, volume, and
©2004 The American Physical Society25-1
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tetragonal~t! distortion. We find the MAE ‘‘landscape’’ to be
highly structured and to possess a region where high per
ability is possible. We show in the penultimate section
MAE calculations for Fe12cVc alloys that, for smallc, these
high permeability properties appear. The final section su
marizes and concludes.

II. MAGNETIC ANISOTROPY OF METALS AND ALLOYS

Magnetic anisotropy is caused largely by spin-orbit co
pling. Both the origin of this effect, as well as the magne
static effects which determine domain structure, can
shown from the relativistic generalization of spin-densi
functional ~SDF! theory.20 From the formal starting point o
the quantum electrodynamics of an electron interacting w
an electromagnetic field, the ground-state energy of a sys
is the minimum of a functional of the charge and curre
densities—a minimization which is achieved, in principle,
the self-consistent solution of a set of Kohn-Sham Di
equations for electrons moving in fields dependent on
charge and current densities. Following approximations
exchange correlation and the Gordon decomposition of
current into orbital and spin pieces, the spin-orbit coupl
effects upon the electronic structure can be represented.~The
magnetostatic shape anisotropy is also described from w
the same theoretical framework20 but not considered for cu
bic materials of this paper.!

Most theoretical investigations of magnetocrystalline a
isotropy and calculations of the anisotropy constantsK place
their emphasis on spin-orbit coupling effects using eit
perturbation theory or a fully relativistic theory, e.g.,~Refs.
21,18!. Typically the total energy, or the single-electron co
tribution to it ~if the force theorem is used22!, is calculated
for two magnetization directions,ê1 and ê2 separately, i.e.,
Fê1

, Fê2
, and then the MAE,DF, is obtained by subtracting

one from the other, i.e.,

E«F
1

«ne1
~«!d«2E«F

2

«ne2
~«!d«, ~1!

where «F
1 , «F

2 are the Fermi energies when the system
magnetized along the directionse1 ande2, respectively, and
ne1(2)

the electronic density of states. However, the MAE i
small part of the total energy of the system, in many case
the order ofmeV and it is numerically more precise to ca
culate the difference directly.18 We follow this rationale here
for the study of soft magnetism and calculate the MAE fro

DF52EEF1
@N~«;e1!2N~«;e2!#d«2

1

2
n~EF2

;e2!~EF1

2EF2
!21O~EF1

2EF2
!3, ~2!

where N(«;e) represents the density of states of a syst
magnetized alonge integrated up to energy«.

In most of the cases, the second term is expected to
very small compared toDF. The first term which contains
the predominant contribution toDF needs to be evaluate
accurately. For a binary component disordered alloyA12cBc
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the MAE can be written using the Lloyd formula for th
integrated density of states in Eq.~2! to get

DF52
1

p
ImEEF1

d«F 1

VBZ

3E dk lni I 1@ tc
21~e2!2tc

21~e1!#tc~k;e1!i

1~12c!$ lniDA~e1!i

2 lniDA~e2!i%1c$ lniDB~e1!i2 lniDB~e2!i%G
2

1

2
n~EF2

;e2!~EF1
2EF2

!21O~EF1
2EF2

!3 ~3!

In Eq. ~3!, tc(e1) and tc(e2) are the SPR-KKR-CPAt
matrices for magnetization alonge1 and e2 directions, re-
spectively, andtc(k;e1) is the scattering path operator

tc~k;e1!5@ tc
21~e1!2g~k!#21, ~4!

and tc
00 is its integral over the Brillouin zone.DA(e1) is

found from

DA~e1!5@ I 2tc
00~e1!$tc

21~e1!2tA
21~e1!%#21, ~5!

with similar expressions forDA(e2), DB(e1), and DB(e2).
Note thattA(e2) and tB(e2), the single sitet matrices forA
and B atoms, respectively, spin-polarized alonge2, can be
obtained directly fromtA(e1) and tB(e1), respectively, by
simple rotational transformations.18 Further details, calcula-
tional techniques, and results of numerical tests can be fo
elsewhere.18,19 These include a description of the method
Brillouin-zone integration we use. It is an adaptive quad
ture procedure so that the integrals can be computed
prescribed accuracy. We have shown18,19 that the numerical
accuracy of our SP-KKR-CPA calculations is to with
0.1 meV ~or 104 erg/cm3) and thus the scheme is suited f
studies of magnetically soft alloys.

Magnetostriction

The magnetostriction constantl001 represents the relative
change of length (d l / l ) measured along@001# when an ex-
ternal magnetic field is applied parallel to the direction
observation. For a cubic systeml001 appears in the
equation23

B152 3
2 l001~C112C12!, ~6!

whereB1 is the rate of change of the MAE,F0012F100, with
tetragonal straint [001] along@001#, at t [001]50. C11 andC12
are the cubic elastic constants which can be expresse
terms of the tetragonal shear (C8) modulus: C85(C11
2C12)/2. l001 of Fe, calculated from this expression using
full-potential DFT method, is rather large in comparison w
experiment.24,25 Freeman and co-workers have estimat
C112C12 by fitting their calculated total energies to simp
quadratic functions of the tetragonal distortiont [001] and ex-
tracting B1 from the gradient of the energy differenc
5-2
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Fê5(001)2Fê5(100) with respect tot [001] . In the case of Fe
this approach produces an estimate ofl001 greater than tha
found experimentally.26,27 Rather than to estimateC112C12
from such total-energy calculations, here we use experim
tal values if necessary, use the atomic sphere approxima
~ASA! for the self-consistent one-electron potentials a
track the trends of the magnetostriction from our relativis
electronic structure calculations ofB1.

III. THE MAGNETIC ANISOTROPY
AND MAGNETOSTRICTION OF bcc Fe

We investigate the dependence of the MAE of Fe on v
ume and also on volume conserving tetragonal distortion
obtain B1. We also see how the MAE changes when t
Fermi energy is shifted to mimic roughly the effect of allo
ing.

First we recall how the equilibrium volume of Fe can
determined. In Fig. 1~a!, the calculated total energy of Fe
shown as a function of the lattice parametera. Typically for
DFT calculations with the local density approximatio
~LDA !, the equilibrium volume witha5a0 is underesti-
mated somewhat. This underestimation is less for muffin
~MT! potential calculations than when the ASA is use
From the shape of the total-energy curve, the calculated b
modulus of 2.34 Mbar is in reasonable agreement with
periment and also with all DFT results previously reporte
In Fig. 1~b!, the magnitude of MAE (F0012F111) is plotted
against the lattice spacinga of the bcc lattice. The easy axi
is directed along@001# whena,5.4 a.u. and along@111# if
a.aexp. At around the theoretical equilibrium volume o
Fe, the easy axis direction along@001# is consistent with
experiment while the predicted MAE of;0.6 meV is almost
half the observed one. Note the sharp change in the MAE
5.35,a,5.42. This might go some way to explain the a

FIG. 1. Total energy of Fe with the lattice constant variation
shown in the upper panel~a!. The energies, calculated using th
SPR-KKR technique with MT and ASA potentials, are shifted to t
common zero energy at the equilibriuma. The experimentala is
marked as well. In the lower panel~b!, the MAE between the@001#
and@111# directions of magnetization, within the MT and ASA, a
plotted againsta. The experimental MAE value of 1.4meV is
marked by an arrow.
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parent discrepancies among the many published MAE ca
lations for bcc Fe, e.g., Refs. 18, 28, and 29. If all the MA
calculations are numerically accurate, e.g., the vari
Brillouin-zone integrations are numerically converged, th
the MAE values may still be at odds if the lattice spaci
parameters differ.

The t distortions, which break the cubic symmetry makin
the @001# and @100# directions nonequivalent, may increas
the MAE significantly. In Fig. 2~a!, we plot the MAE of Fe
as thec/a ratio is altered. The slopes of these graphs arou
t50 or c/a51 produce the coefficientB1 related to the
magnetostriction. The eighta values were chosen to illustrat
the sensitivity of MAE to volume changes andt deforma-
tions. For eacha, labeled in the corresponding panel of Fi
2~a!, we plot all three symmetry-allowed MAE curves:DF
5F0012F111, F0012F110, andF0012F100. At the equilib-
rium lattice constant (a055.25 a.u.) the slopes of all thre

FIG. 2. ~a! The variation of MAE in pure Fe with volume
conserving tetragonal deformations for a series of different v
umes. The slope atc/a51 gives the coefficientB1. ~b! The varia-
tion of MAE with volume for a series of volume conservin
tetragonal distortions.
5-3
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curves are negative and then, between 5.3 a.u. and 5.35
they change becoming positive at the experimental lat
constant and, finally, ata.5.475 a.u.B15dDF/d(c/a) be-
comes negative once more. Figure 2~b! displays the varia-
tions of the MAE for sixt distortions as a function of lattice
spacing. From experimental measurements30 on Fe, C11
52.4131011 N/m2 andC1251.4631011 N/m2. The experi-
mental value ofl001 is 2631026. Substituting these dat
into Eq. ~6! yields an experimental value ofB1 of approxi-
mately 23.73106 J/m3 or 2260 meV/atom to compare
with the calculatedB1 at the theoretical equilibrium lattice
spacing extracted from Fig. 2~a! of 2500 meV/atom.

It is instructive to examine how the MAE andB1 vary if
the band filling orEF position is altered. The results for F
are shown in Fig. 3. In panel~a! of Fig. 3, the Fe electronic
density of states~DOS! at a0 is plotted together with
the band-filling curveZ, which equals the number of valenc
electrons at given energy. In panel~b! of Fig. 3, the MAE,
F0012F100, is shown as a function ofc/a for different
degrees of band filling. With fully filled band
(Z58 electrons), the sign ofdDF/d(c/a) is negative. If
Z57.95 electrons ~corresponding to EF20.05 eV) soft
magnetic-material properties are developed so that the M
DF5F0012F111, is tiny (50.62meV for c/a51) and the
slope B1;0 implying a very small magnetostriction (l
.0). Further lowering ofEF causesB1 to become positive,
increasing the magnitude ofl.

Our model deals with perfect crystal structures, point l
tice defects, such as native vacancies, may affect the e
tronic properties of the material in a similar way to the ban
filling effect. Thus, vacancy-containing defect structures
real materials may be another reason why DFT tends to
derestimate the MAE value of Fe. By modeling the mag
tovolume and band-filling effects as above, we have dem
strated that the Fe host matrix can breed soft magn
properties. Our results suggest that Fe-rich binary allo
Fe12cAc , may lead to high permeability conditions whe
ZA,ZFe and aA.aFe. Doping Fe with V complies with

FIG. 3. Spin projected and total DOS of pure Fe, calculated
the equilibrium lattice parameter, are shown in the upper pane~a!
together with the band-filling curveZ. In the~b! panel, the variation
of MAE in Fe with volume-conserving tetragonal deformations
shown for a series of different band fillings.
06442
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these conditions and so in the following section we look
iron-rich Fe-V alloys.

IV. THE MAGNETIC ANISOTROPY
AND MAGNETOSTRICTION OF Fe 1ÀcVC—A HIGH

PERMEABILITY IRON-RICH ALLOY

As the first step, one-electron potentials for bcc-Fe12cVc
randomly disordered bulk alloys were calculated se
consistently, using the SPR-KKR-CPA technique18,19 for the
concentration range 1,c,50 at. % V. The unit-cell volume
was fixed at the experimental volume of each concentrat
Exchange and correlation were accounted for on the bas
DFT in the local density approximation~LDA !. The average
and site-projected spin magnetic moments of Fe12cVc are
given in Fig. 4. The average spin moment of this alloy d
creases monotonically with increasing V concentration to
value of 0.74mB at c50.5. However the site-projected mag
netic moments do not vary monotonically. The Fe spin m
netic moment varies between 2.31mB and 2.19mB as c in-
creases between 0,c,0.5, with a maximum value of
2.31mB at c50.05. In the Fe-rich alloys, the V spin mome
is also nonmonotonic: it starts at21.29mB , reaching the
value of21.33mB at c50.03 and, with further increases o
c, the V moment drops to20.71mB at c50.5. Our results
are in good agreement with both neutron-diffraction expe
ments on Fe12cVc ~Ref. 31! and also previousab initio
calculations.32,33

The properties of nonmagneticd metals, dissolved substi
tutionally in ferromagnetic hosts, have been w
documented.34,35 When earlyd metals, such as V, substitut
host Fe atoms in the bcc structure, an antiparallel alignm
of the spin orientation on the impurity site is expected. T
situation also holds for the concentrated Fe-V all
system.33,36 In Fig. 5, we plot the DOS of Fe0.5V0.5 and
Fe0.95V0.05. The DOS curves, projected onto the Fe si
show a bandwidth similar to that of V but, in contrast to
Fe partner, the Vd-band DOS is rather featureless. Any di
ferences in the DOS between Fe0.5V0.5 and Fe0.95V0.05,
which can be seen in Fig. 5, occur simply because the c

r FIG. 4. Average and site-projected spin magnetic moments o
and V in the randomly disordered bcc Fe12cVc alloys as calculated
by SPR-KKR-CPA.
5-4
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centrationc is changed. At smallc, the spin-projected DOS
of Fe12cVc approaches the corresponding DOS shape
pure Fe.

To confirm the expectation from the bcc Fe study that
magnetostriction of Fe12cVc should decrease with increasin
V concentration, in Fig. 6 we plotF0012F100, calculated
using ‘‘frozen’’ ASA potentials, as thec/a ratio is altered.
For V concentrations of 0,c,0.1, whenc/a,1, the easy
axis is along@001# and whenc/a.1, it lies along@100#. For
this concentration range, the magnitude of MAE increa
almost linearly witht deformation and has its greatest valu
of severalmeV at c50.03. For this concentration the ma
netic spin moments and polarizations are maximum
shown in Fig. 4. At around 10 at. % V, the MAE magnitud
plotted in Fig. 6, decreases significantly and the easy
changes its direction in such a way that forc.0.12 the@100#
becomes the easy axis whenc/a,1 whereas the axis alon
@001# is favored for the case of elongation (c/a.1).

We confirm that the easy axis is@100# with Fig. 7. It
shows the energy differences,DF ’s, between the@111# ~or
@110#! magnetization directions and the easy axis, which

FIG. 5. Spin-projected DOS of pure Fe shown in the low
panel in comparison with the DOS of the Fe0.5V0.5 and Fe0.95V0.05

binary alloys plotted in the upper and middle panels, respective

FIG. 6. The MAE,DF5F0012F100, of disordered Fe12cVc ,
shown as a function of V concentration for six different tetrago
c/a variations.
06442
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always directed either along the@001# or @100# cubic-lattice
edges, depending on thec/a deformations and V concentra
tion ~see, Fig. 6!. As Fig. 7 shows, the magnetic properties
the Fe0.9V0.1 alloy stand out from those of the other comp
sitions. It is a very soft magnet;~i! the easy-axis direction
switches and~ii ! the rate of change ofDF with the t devia-
tion, (c/a), B1, changes sign from positive to negative.
Fe-rich Fe-V disordered alloys (c,0.1), B1.0, as shown in
the three lower panels of Fig. 8. At aroundc50.1, B1 is
close to zero so that with increasing V content, forc.0.1,
B1 becomes negative. SinceC112C12.0 in this material,
the sign ofl001 is totally defined by variation of MAE with
the t deformationsB1. Hence, for thec50.1 composition,
the magnetostriction coefficient of this Fe-V alloy,l001→0
while the MAE value remains low enough for this alloy
develop high permeability.

There is experimental evidence for this behavior. F
Fe12cVc alloys, although the magnetostriction coefficie
l001 is not available, measurements of the saturation mag
tostriction ls have been reported.17 ls changes sign a

r

.

l

FIG. 7. The MAE’s,DF ’s, between the@111# ~@110#! magneti-
zation direction and that along the easy axis of Fe12cVc , shown in
the upper~lower! panel as a function ofc for six different tetragonal
c/a variations.

FIG. 8. The MAE’s,DF ’s, of disordered Fe12cVc alloys as a
function of tetragonal deformations for six concentrations. The
perimental lattice parameters are used.
5-5
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around the 5 at. % V composition. Sincel001 is its most
significant component,ls ~Ref. 37! should also change it
sign as the concentration of V is varied in this region.

Our SPR-KKR-CPA calculations include the direct mo
eling of the band-filling and magnetostriction effects. T
magnetovolume effect is also presented here since we us
experimentally observed lattice parameters which incre
slightly with V doping. To separate out and examine t
band-filling effect we now show the dependence of the M
of Fe0.97V0.03 on the number of electronsZ by varying theEF
in this alloy. The results are shown in Fig. 9 for the variati
of the MAE with c/a for four differentZ’s. From the MAE
calculations of pure Fe, we know that the lattice constan
an important factor. At the experimentala and with the cor-
rect EF for this alloy Z5(12c)381c3557.91 whenc
50.03. With decreasingZ, first B1→0 atc;0.1 and then, as
Z decreases further,B1 changes sign. Soft magnetic prope

FIG. 9. The MAE of Fe0.97V0.03 as a function of thet deforma-
tions for four different band fillings.
.
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es
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.
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ties are developed atc;0.1. Thus, the simple band-filling
model reproduces rather accurately the result of our di
calculations.

V. SUMMARY

Calculations of the magnetic anisotropy and the trends
magnetostriction in bcc Fe and Fe-V alloys have been car
out, using the fully relativistic spin-polarized KKR metho
and CPA alloy theory. The suitability of this method to mod
magnetic anisotropy in soft magnetic materials has b
demonstrated. The MAE calculations for pure Fe are in a
agreement with experiment. The linear magnetostriction
efficient l001, estimated from theory, shows also an acce
able agreement with the observations. The trends for m
netic softening by varying the volume and band filling a
also straining the lattice tetragonally have been presente

Our results for bcc Fe and recent experiments have
rected us to look at iron-rich Fe-V as potential soft magne
We have managed to follow the trends in our Fe calculati
to find a potential iron-rich Fe12cVc alloy with zero magne-
tostriction. We have shown that the linear magnetostrict
changes sign asc approaches 0.1. Since the MAE is ve
small for this composition we predict a very high permeab
ity for this alloy. Combinations of Fe and V have extensi
credentials as useful film and multilayered systems a
Fe0.9V0.1 may prove to be a good high permeability film m
terial, possibly competitive with those which are permall
based. Such films might be realized from epitaxial growth
templates such as Fe~100!, V~100!, and Cr~100!.
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