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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 anisotidp4E) 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\liedisordered alloys and
find the behavior to accord with the predictions from the bcc Fe model. In particular we find tloat @ot the
MAE is very small and the linear magnetostriction is zero. We proposg\Mga 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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[. INTRODUCTION addition of Cu and Mo dopants.
Fe-V alloys are also magnetic materials of significant in-

Soft ferromagnetic materials allow changes in magnetizaterest in their own right. The rather small lattice mismatch
tion to occur easily in weak fields, i.e., they have high mag-between Fe and V has made Fe/V thin film and multilayered
netic permeability. They find applications ranging from elec-systems very attractive'*for studies of the interconnections
trical power generation and magnetic shielding to magnetibetween structure, magnetism, and chemical order. The ob-
recording heads and spin valve devi¢é$or a magnet to be servations of magnetocrystalline anisotroafpAE) in Fe/V
“soft,” changes to the overall magnetization must be able tofilms show!® the easy axis to be alorjd00] and the magni-
happen easily. This implies that its magnetic anisotropy contude of the MAE to be small, comparable to that of bulk bcc
stantsK are very small so that the energies of domain wallsFe. Electronic structure density-functional calculations
are low. The internal stresses caused by such changes myBtFT) also calculate the easy axis to pE00] in Fe/V1®
also be minimal so that the magnetostriction coefficients Despite this recent work on Fe/V thin films much less is
are as small as possible. Roughly, the magnetic permeabilitynown about the magnetic anisotropy of the bulk alloys.
,uocMﬁ/Keff, whereM is the saturation magnetization and Here we study the magnetic anisotropy of;Fg/. as a
Kett is @ measure of magnetic anisotropy and magnetostridunction of both small concentratioresof V and also lattice
tion, Kesi=Kes(K,N). distortions. It is known experimentally that the saturation

In a binary component soft magnetic materialand\ do  magnetostriction\ 4 of bcc Fe is negative. Its magnitude de-
not generally pass through or near zero together. For exsreases when lightly doped with V and with around 5 at. %
ample, in iron-nickel permalloy and\ pass through zero V, A5, measured in polycrystalline sampféss almost zero.
at different compositions and the addition of a third or fourthFor further addition of V,A; changes its sign to positive
component is required to achieve “the focus of zefoThis  reaching the value of 8107 ° at 15 at. % V. There is thus a
is done practically by checking hundreds of samplesthis  particular Fe-rich concentration of FgV, where the mag-
paper, we explore the variation of these two factérand A netostriction is as small as possible while the magnetocrys-
usingab initio spin polarized, relativistic electronic structure talline anisotropy constamt remains very low for this mag-
calculations and attempt to design optimally soft magnetimetically soft alloy. Both these attribute& &0 andA=0)
materials. For the first such study we choose an uncomplipromote high permeability and along with their high Curie
cated system, namely the prototypical soft magnetic materiatemperatures and saturation magnetizations enhance the uses
bcc iron, and examine how it& and A would vary if its  of iron-rich Fe-V alloys.
lattice spacing(volume and number of valence electrons In the following section we briefly summarize our ap-
(band filling) could be altered. We find that on reducing the proach for calculating the magnetic anisotropy of metals and
band filling marginally and increasing the volume slightly, alloys. It is based on the spin-polarized relativistic Korringa-
iron’s magnetic properties soften considerably. We then tesohn-Rostoker (SPR-KKR DFT method, within the
this model by an explicit study of iron-rich Fe-V alloys and coherent-potential approximatid@PA) (Refs. 18,19 for al-
find the optimal composition for smallektand\. In a sub-  loys. We show how magnetostriction can also be found. In
sequent pap@rwe carry out an analogous investigation the following section we use the method to study the varia-
where we start from Nji;sF&, -5 permalloy and consider the tion of the MAE of bcc iron with band filling, volume, and
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tetragonalt) distortion. We find the MAE “landscape”to be the MAE can be written using the Lloyd formula for the
highly structured and to possess a region where high perméategrated density of states in E@) to get

ability is possible. We show in the penultimate section on

MAE calculations for Fe_ V. alloys that, for smalt, these AF 1 IEFldS 1

=~ Zim —
QBZ

high permeability properties appear. The final section sum- T
marizes and concludes.

X f dk Il +[ts Y(en) —te HepIre(k;e)|
1. MAGNETIC ANISOTROPY OF METALS AND ALLOYS

Magnetic anisotropy is caused largely by spin-orbit cou- +(1=c){In[Da(ey)]

pling. Both the origin of this effect, as well as the magneto-

static effects which determine domain structure, can be —In|Da(&)||} +c{In|Dg(e)||—In|Dg(e)|}
shown from the relativistic generalization of spin-density-

functional (SDP theory?® From the formal starting point of 1

the quantum electrodynamics of an electron interacting with — 5N(Er, &) (Er, ~Er)*+ O(Er —E)*  (3)
an electromagnetic field, the ground-state energy of a system

is the minimum of a functional of the charge and current |5 gq. (3), t(e,) andt.(e,) are the SPR-KKR-CPA
densities—a minimization which is achieved, in principle, by matrices for magnetization alorg and e, directions, re-

the s_elf-consistent solution Qf a se_t of Kohn-Sham Diracspectively, andr.(k;e,) is the scattering path operator
equations for electrons moving in fields dependent on the

charge and currer]t densities. Following approximgtions for rc(k;el)=[tc’l(el)—g(k)]*1, (4)
exchange correlation and the Gordon decomposition of the 00 - S )
current into orbital and spin pieces, the spin-orbit couplingdnd 7¢_ is its integral over the Brillouin zoneDa(e;) is
effects upon the electronic structure can be represe(ifad.  found from

magnetostatic shape anisotropy is also described from within 00, 1 1 1

the same theoretical framewdPkout not considered for cu- Dale)=[1-rc(e){te “(e) —ta (e}l ™", )

bic materials of this paper. . with similar expressions fob A(e,), Dg(e;), and Dg(e,).

Most theoretical investigations of magnetocrystalline an-\gte thatt,(e,) andtg(e,), the single site matrices forA
isotropy and calculations of the anisotropy const#ace 59 atoms, respectively, spin-polarized aloeg can be
their emphasis on spin-orbit coupl_ing effects using eithelyptained directly fromta(e;) and tg(e,), respectively, by
perturbation theory or a fully relativistic theory, e.gRefs.  gimple rotational transformatiort& Further details, calcula-
21,18. Typically the total energy, or the single-electron con-jong techniques, and results of numerical tests can be found
tribution to it (if the force theorem is usé®, is calculated elsewheré®!® These include a description of the method of
for two magnetization directions, ande, separately, i.e., Brillouin-zone integration we use. It is an adaptive quadra-
Fe, Fe, and then the MAEAF, is obtained by subtracting ture procedure so that the integrals can be computed to a

one from the other, i.e., prescribed accuracy. We have shdfvf that the numerical
accuracy of our SP-KKR-CPA calculations is to within
ot &2 0.1 ueV (or 10* erg/cn?) and thus the scheme is suited for
eNe,(8)de— | "ene,(e)de, (1) studies of magnetically soft alloys.
where ef, 2 are the Fermi energies when the system is Magnetostriction

magnetized along the directioeg ande,, respectively, and - .
9 9 PP © P Y The magnetostriction constangy; represents the relative

n the electronic density of states. However, the MAE is a
“1(2) Y hange of length §l/1) measured alonf001] when an ex-

tsr:nall cpjart Off th\e/ tOtEc‘jl fatr!ergy of the ﬁystem, I many ;:asef 0jernal magnetic field is applied parallel to the direction of
€ order oluev and It IS numerically more precise o cal- o,qaryation, For a cubic systemgg, appears in the
culate the difference directhy. We follow this rationale here equatior®

for the study of soft magnetism and calculate the MAE from
B1=—3N00i(C11— Cy2), (6)

Er 1
AF=- f IN(e;€))—N(e;8)]de - 5 N(Er,:€)(Ef, whereB; is the rate of change of the MAEyg;— F 100, With
tetragonal straittyoo;; @long[ 001], attgy;=0. C4; andCy,
—EF2)2+ O(Eg, — EF2)3, (2)  are the cubic elastic constants which can be expressed in
terms of the tetragonal sheaC{) modulus: C'=(Cyy
where N(e;€) represents the density of states of a systen C;,)/2. \yo; Of Fe, calculated from this expression using a
magnetized along integrated up to energy. full-potential DFT method, is rather large in comparison with
In most of the cases, the second term is expected to bexperiment*?> Freeman and co-workers have estimated
very small compared taF. The first term which contains Ci;— Cy, by fitting their calculated total energies to simple
the predominant contribution tAF needs to be evaluated quadratic functions of the tetragonal distortiggy,; and ex-
accurately. For a binary component disordered aloy B,  tracting B; from the gradient of the energy difference
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FIG. 1. Total energy of Fe with the lattice constant variation is 0991101 0991101 0991101 09911.0
shown in the upper panéh). The energies, calculated using the c/a cla cla cla

SPR-KKR technique with MT and ASA potentials, are shifted to the
common zero energy at the equilibriuan The experimentah is , ;

marked as well. In the lower pan@), the MAE between th§001] 10 - N 1
and[111] directions of magnetization, within the MT and ASA, are 8L bct Fe N J
plotted againsta. The experimental MAE value of 14eV is F(001) F(111) . /
marked by an arrow. Bl ]
4 + ¥ . 4
Fé=(001)_|:é=(100) with respect td[OOl] . In the case of Fe %; 2| V\\\\\‘-._H -
this approach produces an estimate\gf, greater than that = 0
found experimentally®?’ Rather than to estimat@;;—C;, W e N
from such total-energy calculations, here we use experimenS 2 | o E;ng'gg " Lapev |/ ]
tal values if necessary, use the atomic sphere approximatiol 4+, o C/a;' e \ﬁi goott
(ASA) for the self-consistent one-electron potentials and 6 | cla=1.01 v
track the trends of the magnetostriction from our relativistic s cla=1.02 - e o
electronic structure calculations Bf. 8 ’ e
10 + \ . | .
Ill. THE MAGNETIC ANISOTROPY 5.2 5.3 5.4 Aoy
AND MAGNETOSTRICTION OF bcc Fe Lattice constant a (a.u.)

We investigate the dependence of the MAE of Fe on vol- FIG. 2. (a) The variation of MAE in pure Fe with volume-
ume and also on volume conserving tetragonal distortions teonserving tetragonal deformations for a series of different vol-
obtain B;. We also see how the MAE changes when theumes. The slope aya=1 gives the coefficienB;. (b) The varia-
Fermi energy is shifted to mimic roughly the effect of alloy- tion of MAE with volume for a series of volume conserving
ing. tetragonal distortions.

First we recall how the equilibrium volume of Fe can be
determined. In Fig. (), the calculated total energy of Fe is parent discrepancies among the many published MAE calcu-
shown as a function of the lattice paramedefypically for  lations for bcc Fe, e.g., Refs. 18, 28, and 29. If all the MAE
DFT calculations with the local density approximation calculations are numerically accurate, e.g., the various
(LDA), the equilibrium volume witha=a, is underesti- Brillouin-zone integrations are numerically converged, then
mated somewhat. This underestimation is less for muffin-tithe MAE values may still be at odds if the lattice spacing
(MT) potential calculations than when the ASA is used.parameters differ.

From the shape of the total-energy curve, the calculated bulk Thet distortions, which break the cubic symmetry making
modulus of 2.34 Mbar is in reasonable agreement with exthe [001] and[100] directions nonequivalent, may increase
periment and also with all DFT results previously reported.the MAE significantly. In Fig. 2a), we plot the MAE of Fe
In Fig. 1(b), the magnitude of MAE Fyy;—F117) is plotted  as thec/a ratio is altered. The slopes of these graphs around
against the lattice spacirayof the bcc lattice. The easy axis t=0 or c/a=1 produce the coefficienB, related to the

is directed alond001] whena<5.4 a.u. and alon§111] if magnetostriction. The eiglatvalues were chosen to illustrate
a>aexp. At around the theoretical equilibrium volume of the sensitivity of MAE to volume changes amdieforma-
Fe, the easy axis direction aloi§01] is consistent with tions. For eacla, labeled in the corresponding panel of Fig.
experiment while the predicted MAE of 0.6 ueV is almost  2(a), we plot all three symmetry-allowed MAE curve&F
half the observed one. Note the sharp change in the MAE for Fgg1— F111, Fooi— F110. @andFgg1—F1g9. At the equilib-
5.35<a<5.42. This might go some way to explain the ap-rium lattice constantg,=5.25 a.u.) the slopes of all three

064425-3



S. OSTANINet al. PHYSICAL REVIEW B 69, 064425 (2004

40 F ‘ ‘ — ] :
> a) bcc Fe a=5.252 a.u. 23 -
30 f in 1 ) . L R -
g LT il 2.0
£ 20 —-— spin 1 i o o——e Average
= — total &a = -—n F
Bof_—_z A WA Ny = 15 I
[=] . S =]
0 A, | brosessnin, e Y el Fe —ch
0.1 03 05 07 09 1.1 = L0 ‘
Energy (Ry) ‘
; ‘ , =
: T 08 =
. ,-* F(001)-F(100) e
> =] —_ =
[} @ —-1.0 v S v
=2 5_ /A// A ——A
w = >
< o a-1.2 e
=
= ‘ kt - _ &
\ . ; _14 . . . . .
0.98 0.99 1 1.01 1.02 0.0 0.1 0.2 0.3 0.4 0.5
cla C

FIG. 3. Spin projected and total DOS of pure Fe, calculated for kg 4. Average and site-projected spin magnetic moments of Fe

the equilibrium lattice parameter, are shown in the upper p@el  5ng v in the randomly disordered bcc,FeV, alloys as calculated
together with the band-filling curvg. In the(b) panel, the variation by SPR-KKR-CPA.

of MAE in Fe with volume-conserving tetragonal deformations is

shown for a series of different band fillings. these conditions and so in the following section we look at

_ iron-rich Fe-V alloys.
curves are negative and then, between 5.3 a.u. and 5.35 a.u.,

they change becoming positive at the experimental lattice
constant and, finally, &a>5.475 a.uB,=6AF/(c/a) be-
comes negative once more. Figurgh)2displays the varia-
tions of the MAE for sixt distortions as a function of lattice
spacing. From experimental measureméhisn Fe, Cq; As the first step, one-electron potentials for bcg-F&/ .
=2.41x 10" N/m? and C,,=1.46x 10" N/m?. The experi- randomly disordered bulk alloys were calculated self-
mental value of\qg; is 26X 10 6. Substituting these data consistently, using the SPR-KKR-CPA technitfti€ for the
into Eq. (6) yields an experimental value &; of approxi-  concentration range<tc<50 at. % V. The unit-cell volume
mately —3.7x10° J/n? or —260 ueV/atom to compare was fixed at the experimental volume of each concentration.
with the calculatedB, at the theoretical equilibrium lattice Exchange and correlation were accounted for on the basis of
spacing extracted from Fig(@ of —500 peV/atom. DFT in the local density approximatidhDA). The average

It is instructive to examine how the MAE a8}, vary if  and site-projected spin magnetic moments of k¥, are
the band filling orEg position is altered. The results for Fe given in Fig. 4. The average spin moment of this alloy de-
are shown in Fig. 3. In panéh) of Fig. 3, the Fe electronic creases monotonically with increasing V concentration to the
density of states(DOS) at a, is plotted together with value of 0.74.5 atc=0.5. However the site-projected mag-
the band-filling curveZ, which equals the number of valence netic moments do not vary monotonically. The Fe spin mag-
electrons at given energy. In pan@) of Fig. 3, the MAE, netic moment varies between 23] and 2.1y asc in-
Fooi— F100, IS shown as a function of/a for different creases between <0c<<0.5, with a maximum value of
degrees of band filing. With fully filed bands 2.31ug atc=0.05. In the Fe-rich alloys, the V spin moment
(Z=8 electrons), the sign obAF/5(c/a) is negative. If is also nonmonotonic: it starts at1.29g, reaching the
Z=7.95 electrons (corresponding toEr—0.05 eV) soft value of —1.33ug at c=0.03 and, with further increases of
magnetic-material properties are developed so that the MAE;, the V moment drops te-0.71ug at c=0.5. Our results
AF=Fy—F111, is tiny (=0.62 eV for c/a=1) and the are in good agreement with both neutron-diffraction experi-
slope B;~0 implying a very small magnetostriction\( ments on Fg V. (Ref. 3) and also previousab initio
=0). Further lowering of; causesB; to become positive, calculations’>>
increasing the magnitude af. The properties of nonmagneticmetals, dissolved substi-

Our model deals with perfect crystal structures, point lattutionally in ferromagnetic hosts, have been well
tice defects, such as native vacancies, may affect the eledocumented®*> When earlyd metals, such as V, substitute
tronic properties of the material in a similar way to the band-host Fe atoms in the bcc structure, an antiparallel alignment
filling effect. Thus, vacancy-containing defect structures ofof the spin orientation on the impurity site is expected. This
real materials may be another reason why DFT tends to ursituation also holds for the concentrated Fe-V alloy
derestimate the MAE value of Fe. By modeling the magnesystent>=° In Fig. 5, we plot the DOS of RgV,s and
tovolume and band-filling effects as above, we have demonFe, oV os. The DOS curves, projected onto the Fe site,
strated that the Fe host matrix can breed soft magnetishow a bandwidth similar to that of V but, in contrast to its
properties. Our results suggest that Fe-rich binary alloysi-e partner, the \d-band DOS is rather featureless. Any dif-
Fe _.A., may lead to high permeability conditions when ferences in the DOS between (&¥y5 and Fgg:Vo s,
Zp<Zpe and ay>ar.. Doping Fe with V complies with which can be seen in Fig. 5, occur simply because the con-

IV. THE MAGNETIC ANISOTROPY
AND MAGNETOSTRICTION OF Fe ;_.Vc—A HIGH
PERMEABILITY IRON-RICH ALLOY

064425-4



AB INITIO SEARCH FOR A HIGH PERMEABILITY . .. PHYSICAL REVIEW B69, 064425 (2004

-
N
T

s 5 Feo.s\t’g isal R < bet Fe, V. e (/a=0.98
= v 1 N R g gl e FAAN) = F™  ¥777 cla=0.99
B - total = ¢ Py — e=10
2 Vi by ollem \&1&‘ o-—=2 cla=1.01

0 i : 3 i g 4 S o=-=0 cla=1.02

1 T T T A =
— 1
3 21 FeyoVyos o i 0
= total T 8 12 o ; ]
@ 1F ————totall A |\ TNC S N LT S F(110) - F*
Q s e .
a g g O.\ o c/a=0.98 1
= _w ¥ ---¥ ¢/a=0.99
e e T ™ »—a c/a=1.0
> T 4 TN == da=1.01 ]
g % ) o===0 ¢/a=1.02
Sl mspind AN\ A S S L Vi e ——]
Q 0 ‘
[ 0 0.05 0.1 0.15
Sy

FIG. 7. The MAE's,AF’s, between thé111] ([110]) magneti-

FIG. 5. Spin-projected DOS of pure Fe shown in the lowerZation direction and that along the easy axis of ¥, shown in
panel in comparison with the DOS of the f2¥os and Fgooos € UPPellowen panel as a function af for six different tetragonal
binary alloys plotted in the upper and middle panels, respectively.¢/@ variations.

centrationc is changed. At smalt, the spin-projected DOS always directed either along tfi601] or [100] cubic-lattice
of Fe,_.V. approaches the corresponding DOS shape oedges, depending on tléa deformations and V concentra-
pure Fe. tion (see, Fig. 6. As Fig. 7 shows, the magnetic properties of
To confirm the expectation from the bcc Fe study that theghe Fg gV ; alloy stand out from those of the other compo-
magnetostriction of Re .V should decrease with increasing sitions. It is a very soft magneti) the easy-axis direction
V concentration, in Fig. 6 we ploEgy— F1g0, Calculated sSwitches andii) the rate of change okF with thet devia-
using “frozen” ASA potentials, as the/a ratio is altered. tion, (c/a), B;, changes sign from positive to negative. In
For V concentrations of €¢<0.1, whenc/a<1, the easy Fe-rich Fe-V disordered alloy£{0.1),B,>0, as shown in
axis is alond001] and wherc/a>1, it lies along[100]. For  the three lower panels of Fig. 8. At aroure=0.1, B; is
this concentration range, the magnitude of MAE increaseslose to zero so that with increasing V content, ¢or0.1,
almost linearly witht deformation and has its greatest valuesB; becomes negative. Sing@;;—C;,>0 in this material,
of severalueV atc=0.03. For this concentration the mag- the sign ofiq, is totally defined by variation of MAE with
netic spin moments and polarizations are maximum aghe t deformationsB;. Hence, for thec=0.1 composition,
shown in Fig. 4. At around 10 at. % V, the MAE magnitude, the magnetostriction coefficient of this Fe-V alloygg;— 0
plotted in Fig. 6, decreases significantly and the easy axiwhile the MAE value remains low enough for this alloy to
changes its direction in such a way that ¢or0.12 the{100]  develop high permeability.
becomes the easy axis whefa<1 whereas the axis along There is experimental evidence for this behavior. For
[001] is favored for the case of elongation/&>1). Fe _.V. alloys, although the magnetostriction coefficient
We confirm that the easy axis [400] with Fig. 7. It  Agoy IS not available, measurements of the saturation magne-
shows the energy differencedF’s, between thg111] (or  tostriction ¢ have been reported. A, changes sign at
[110]) magnetization directions and the easy axis, which is

4
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FIG. 6. The MAE,AF=Fqg;—F1q9, Of disordered Fe V., FIG. 8. The MAE’s,AF’s, of disordered Fe .V, alloys as a
shown as a function of V concentration for six different tetragonalfunction of tetragonal deformations for six concentrations. The ex-
c/a variations. perimental lattice parameters are used.
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8 ‘ ties are developed at~0.1. Thus, the simple band-filling
o | betFe,gVo, ] model reproduces rather accurately the result of our direct
calculations.

F(001) - F(100)
V. SUMMARY

Calculations of the magnetic anisotropy and the trends for
magnetostriction in bcc Fe and Fe-V alloys have been carried
out, using the fully relativistic spin-polarized KKR method
and CPA alloy theory. The suitability of this method to model

MAE (ueV/atom)

-4 + ) — E=E;; Z=7.91;¢,=0.03 q | ) . X X
—-—- E,~0.156V; Z=7.82; ,=0.06 magnetic anisotropy in soft magnetic materials has been

A E.-0.246V; 2=7.77; 0,=0.11 ] demonstrated. The MAE calculations for pure Fe are in a fair

- E.—0.33eV; 2=7.52; ¢,=0.16 . . . ..
‘ agreement with experiment. The linear magnetostriction co-

0.89 T 101 efficient A op;, estimated from theory, shows also an accept-
Tetragonal distortion, c/a able agreement with the observations. The trends for mag-
FIG. 9. The MAE of FggVo 03 @s a function of the deforma-  Netic softening by varying the volume and band filling and
tions for four different band fillings. also straining the lattice tetragonally have been presented.
Our results for bcc Fe and recent experiments have di-
rected us to look at iron-rich Fe-V as potential soft magnets.

significant componenth (Ref. 37 should also change its We have managed to follow the trends in our Fe calculations
s : , o : ,
sign as the concentration of V is varied in this region. to find a potential iron-rich Fe ¢V alloy with zero magne-
Our SPR-KKR-CPA calculations include the direct mod- tostriction. We have shown that the linear magnetostriction

eling of the band-filling and magnetostriction effects. Thechanges sign as approaches 0.1. Since the MAE s very

magnetovolume effect is also presented here since we use tﬁ@?” fohr_ thiS" compositt)ipn we prefdict a vgry ?}igh permeapil—
experimentally observed lattice parameters which increasdy for this alloy. Com inations o Fe an V have extensive
slightly with V doping. To separate out and examine thecredentials as useful film and multllayered systems and
band-filling effect we now show the dependence of the MAEF®.9¥0.1 may prove to be a good high permeability film ma-
of Fey 4V 030N the number of electror&by varying theE, terial, possmly competmve W|th_ those wh|cr_1 are permalloy
in this alloy. The results are shown in Fig. 9 for the variation?25€d: Such films might be realized from epitaxial growth on

of the MAE with c/a for four differentZ’s. From the MAE templates such as £90), V(100), and Ct100.

around the 5 at.% V composition. Sindgg, is its most
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