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Using the fully relativistic spin-polarized screened Korringa-Kohn-Rostoker method the magnetic properties
of bulk Ni.Fe,_. alloys, their free surfaces, anfree surfaces of related spin valves of the type
Ni.Fe,_./Co,CusCo, /NiFe . are calculated. It is found that in the bulk systems the phase transition be-
tween fcc and bce can be described very well in terms of spin and orbital magnetic moments, but also in terms
of the magnetic anisotropy energy. The free surfaces and the spin-valve systems differ considerably from the
corresponding bulk systems: free surfaces show a reorientation transition from a perpendicular orientation of
the magnetization to in-plane at about 60% Ni, whereas the overall in-plane magnetization found in permalloy
related spin valves can be mainly related to the contributions of the Co slabs to the band energy part of the
magnetic anisotropy energy. In all cases investigated(¢p& and orbital magnetic moments for the free
surfaces are considerably enhanced at the surface with similar effects pertaining at the interfaces and the
surface of the spin valves.
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[. INTRODUCTION lower than the Invar composition show a large thermal ex-
pansion and a low magnetic moment which has been associ-

which involve spinodal ordering in the composition range ofated with superparamagnetic behavior in these alloy Idjers.

L . In this short paper we present results of first-principles
permalloys and magnetovolume and martensitic instabilities . : .
: 5 . C calculations of bulk Ni-Fe alloys, their free surfaces, and
in the Invar alloys:? Renewed interest in Ni-Fe and mag- . i : .
L . . related Ni-Fe/Co/Cu/Co/Ni-Fe spin valves focusing on the

netic Ni-Fe heterostructures is in particular related to recent : : . .
. o . . . hange of layer-projected spin and orbital magnetic moments
first-principles calculations showing the extreme softening o . : ; :

. . . ; . s well as on the change in anisotropy energies with compo-
the lattice arising from an interaction between magnetic an

" . . — . Sition over the entire concentration range.
compositional order/disorder in the alloys, an idea that L .
. . Such combinations of hard and soft magnetic layers are of
goes back to early work on the influence of concentration

fluctuations on magnetism in binary alldydn particular, current interest since they reveal interesting phenomena like

_ . _ 10 .
different types of antiferromagneti¢ and noncollinearspin exchange-spring magnetSm-Co/F¢. © Hard/soft magnetic

. - . _heterostructures allow us to control domain-wall structures
arrangements in the fcc structure lead to additional lattice : ) . o
nd domain-wall magnetoresistance in ferromagnetic films.

softening causing the resulting bulk modulus to approaci‘lr'jl ddition. the oh P h biasi .
experimental values. Part of the noncollinearity might be re-" addition, the phenomenon of eéxchange biasing appears in

lated to the long-range oscillatory behavior of the inter-many a_ntifer_romagne_tic/ferromagnef[ic b_ilayer systems. The
atomic exchange integral of elemental fcc(Bee Ref, 7 and Magnetic anisotropy in these materials is mostly due to the
references therelritself which might continue to exist in the ~ crystal-field interaction of the aspherical 4hells while the

predominantly ferromagnetic Ni-Fe alloys. Ni-Fe thin films fransition metals are used to achieve larger magnetic mo-
continue to show the Invar effect. However, the extreme soffnents and higher transition temperatures. However, these
magnetic bulk Ni-Fe type seems to disappear as the agare-earth/transition-metal heterostructures still suffer from
prepared films show high saturation magnetization close téhuch lower magnetization values than Co or Fe. Therefore it
the Slater-Pauling cun/eOn the other hand, Ni-Fe alloy might be of interest to investigate hard/soft magnetic hetero-
layers within Ni-Fe/Cu superlattices with Ni concentrationsstructures involving transition metals and no rare earths.

Bulk Ni-Fe alloys have intriguing physical properties
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Il. COMPUTATIONAL DETAILS 10— 0.080

The fully relativistic spin-polarized screened Korringa- ] NI . oors NI \
Kohn-Rostoker methdd within the framework of the \ 00701 .
coherent-potential approximation for layered systérmis = . 2 0065
used to calculate the magnetic properties of bce and fec bulk™—, -
NicFe,_. alloys, their free surfaces, and related spin valves. £ ] ~— E ooy
In order to determine self-consistently within the local- 00551 '\.\'
density approximatioiLDA) (Ref. 13 the effective poten- P cosol T
tials and effective exchange fields for each particular systerr , °¢ ©°% ¢4 06 08 19 oo 02 04 08 08 10

under consideration a minimum of 4§ points in the irre- 26 Fe Fe
ducible wedge of the surface Brillouin zoréSBZ) was ' ./' / 0085 \\,\’
used, whereas the band energy part of the magnetic aniso ~ **]

ropy energyAE, is based on a much dendergrid, namely 24

=2 2 0.0504 —-u.
on a minimum of 99 points per ISBZ. As has been dem- ~—, 23 -
onstrated several tim&s'® this ensures an accuracy of the € 2. € ol
calculatedAEy of less than 5% within the theoretical and 21
computational scheme applied. ol ool ™
By using the magnetic force theoréhthe magnetic an- gl 02 04 06 08 10 o OS2 04 08 08 10
isotropy energy(MAE) consists of two parts: namely the 24l em> <m>
difference in the band energyE, and the magnetic dipole- 2] /\ o0ss. /.. \‘
dipole energyAEq, 20] —
= 187 2
Ea=AEy+AEyq, @ 2 “ < ooy
between two uniform orientations of the magnetizatian, © 1: © 0.045 ]
andn’, 10]
0.8 T T T T T T 0.040 ’ T T T T T
AEi:Ei(n)—Ei(n’), |:b,dd (2) 0.0 0.2. 04 06 0..8 1.0 0.0 0.2. 04 06 0..8 1.0
¢, Ni concentration ¢, Ni concentration
The band energy part can be splittnto layerwise contri-
butionsAE" | FIG. 1. Variation of the Ni(top), Fe (middle, and the
concentration-weighted averagédottom) spin (left column and
N orbital (right column magnetic moments in bulk Nfe, _. alloys
AE,= 2 AED, ©) with respect to the Ni concentratian Squares and circles refer to a
n=1 bcc and fcc lattice, respectively.

which in turn in the case ofbinary) alloyed layers result
from the concentration-weighted averaged band energy di
ferences of the individual constituerifs,

fl_miaxial symmetry the rather weak in-plane anisotropy is not
taken into account. The layer-resolved concentration-
weighted averaged magnetic moments are defined by

AEp= CMAED“®. 4
5 A @ ()= 3o @
a=A,B

In general, in Eq(4) the ¢!} refer to layer specific concen- ) _ ) )
trations of atomic species=A,B and N in Eq. (3) com-  an éxpression that applies for the spin magnetic moments as
prises the number of layers of interest. In the present papé¥ell as for the orbital magnetic moments. These layer-

the two uniform orientations are chosen as indicated below'€solved averagedotal) magnetic moments are also used in
turn to calculate the classical magnetic dipole-dipole interac-

bulk: n=(100 n'=(110), tion energy® in the case of alloyed layers such as free sur-
L ;o faces of perm-alloy and related spin-valve systems. Note that
free surfaces: n=(110 n’=(00D), ®) by neglecting short-range order the magnetic dipole-dipole
implying the following classification of preferred orienta- interaction does not contribute to the MAE of cubic bulk
tions: alloys.

Ea bulk free surfaces Ill. RESULTS AND DISCUSSION

=<0 along (100 in-plane A. Magnetic moments

= i . . . . .
0 along (111 perpendicular © In Fig. 1 the spin and orbital moments of the constituents

It should be noted that for a cubic bulk system with only aNi and Fe in the bulk system Nie, . are shown together
fourth-order magnetic anisotropy the easy axis is ei(h@€)  with their respective concentration-weighted averaged mo-
or (111), whereas for related semi-infinite systems withments. In accordance with the well-known experimental

094417-2



MAGNETIC PROPERTIES OF BULK NFe,_, ... PHYSICAL REVIEW B 63 094417

0.80 0.80 080 0.09
N'o.steo.75 N'o.asFeo.15
0.08
—, 0.751 0.75 0751
—2 2
= = ) =
Eva “ = = 007
€ £
o - £ .
> _ - _
0.70- Z 70l S o0 <
0.06
0.65 , . , v 0.654, , . , . 0651 . . . , . 005,
0 5 10 15 20 0 5 10 15 20 0.0 02 04 06 0.8 1.0 0.0 02 04 06 08 1.0
29 29 30 0.09
Ni, ,.Fe i
025" So75 Ni gsF €15 2e]
2.8 2.8 b5 o @
0.08
= 2 o
3 2.74 o 27 = =
] — J
£ e g 27 g oo
. 261 T 26 . .
(13] (+}]
& & £ 2o L
0.06
2.5 25
2.5
244 , T . v 244 y T r v 241, , . . , . 005 . . . .
0 3 10 15 20 0 5 10 15 20 00 02 04 06 08 10 00 02 04 06 08 10
(a) layer layer (b) ¢, Ni concentration ¢, Ni concentration

FIG. 2. (a) Variation of the Ni(top) and Fe(bottom) spin magnetic moments in free surfaces offid . for c=0.25(left column and
¢=0.85(right column with respect to layers, the topmdsurface layer being to the right. Note that in this figure for both concentrations
a parent fcc lattice appliegb) Variation of the first five Ni(top) and Fe(botton) spin (left column and orbital(right column magnetic
moments in free surfaces of Mg, _ . with respect to the Ni concentratian The surface layer and the layers below refer in turn to squares,
circles, diamonds, up triangles, and down triangles. Note that in this figure for all concentrations a parent fcc lattice applies.

datd’ the phase transition between bcc- and fcc-like phasek should be noted that because of the oscillations clearly to
occurs at about 35% Ni. In order to show on the Fe-rich sidée seen in Fig. @), the curves in Fig. @), read from top to
the drastic increase of both the spin and the orbital momertiottom, do not correspond to a sequential viewing of layers
with increasing Ni concentration in the case of the Fe confrom the surface to the interior of these semi-infinite sys-
stituent also the corresponding values for pure bcc bulk Fegems.

are included. As can be seen the Ni-like as well as the Fe- Typical NiFe _. related spin valves consist of a rather
like moments exhibit completely different behavior in the thick ayer of permalloy(Py) followed by four to six layers
bee- and fec-like phases, the jump in the Fe orbital momenks cq separated from another four to six Co layers by five to

i " ¢ | q tic effects: a diff Yither thin layer of permalloy. In here such a system is mod-
ransition appears to cause less dramatic effects: a differeny by NiFe, (001)/(NLFe, o)1,/ C0,CsCO, /

slope for the averaged spin moment and a kind of peak fof, . N :
the orbital moment when going from the bcc to the fCC(NlcFel_c)3/Vac, where Vac indicates the free surface side

phase. and a sufficient nu_mbe{ﬂZ) of N_iCFel,C Iayer_s guarantees a
As is to be expected in free surfaces of R, _ the most smooth, self-consistent m_atchlng to theNg; . substr_at_e.
significant differences with respect to the bulk occur in thelt should be_ noted that this ;ystem reflects_very realistically

surface region. In Fig. @) the layer-resolved Ni-like and the actuallgg|ant magnetoresistar@&MR) devices based on
Fe-like spin moments are followed from the surféadgght) to ~ Permalloy:

the very interior of two selected systems, characteristic for The top of Fig. 3 shows the layer-resolved spin magnetic
the whole series of alloys. As can be seen, bulklike featuregroments in this spin-valve system for two different concen-
set in about six to seven layers below the surface, the mdrations of Ni. In particular the case of=0.85 is relevant for
ments in the surface layer being substantially increased g@actical purposes as from this part of Fig. 3 the technologi-
compared to the respective bulk system. For the fcc phaseal phrase of “using permalloy as a soft magnetic material”
the concentration dependence of the spin and orbital magzan directly be read off. For both concentrations the changes
netic moments in the first five layers, shown in Figb)2 in the layer-resolved magnetic moments at the Py/Co inter-
resembles the corresponding trends in the lgsdle also Fig. faces and at the surface are immediately evident. The left
1). Again the prominent role of the surface layer is obvious.bottom entry of Fig. 3 shows the Co moment in comparison
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FIG. 3. Top: Variation of the spin magnetic moments with re- <
spect to layers in the spin-valve system.®§,_./(Ni.Fe _.)1o/ GEJ *+—0
Co,CusCoy/(NiFe _)3/Vac for ¢=0.25 (left) and ¢c=0.85 —; -0.14 <o - o
(right). The Fe, Ni, and concentration-weighted averaged moments u<J1 02 o
refer to open circles, open diamonds, and full squares, respectively ’
the Co moments to open squares, the nearly vanishing induced C 0.3
moments are indicated by open triangles. Bottom left: Variation of AE, = E,[110] - E,[001]
the concentration-weighted averaged spin magnetic moitfeiht 04 00 01 02 03 02 05 06 07 08 09 10
circles and of the Co spin magnetic momeiempty squarescor-
responding to the two layers forming the lefi;Re,_./Co interface ¢, Ni concentration

with respect to the Ni concentratian Bottom right: Variation of

the Co spin magnetic moments in the four layers forming the right FIG. 4. Magnetic anisotropy enerdgquaresin Ni.Fe . re-

Co slab with respect to the Ni concentratiariThe Co layer nextto lated systems with respect to the Ni concentratirilop: bulk

the permalloy is shown with diamonds, the next ones with triangles(MAE/atom); middle: free surfacesMAE/unit of area; bottom:

circles, and squares for the Co layer next to the Cu. Note that in alNicFe - related spin valveéMAE/unit of area. Full symbols refer

cases shown in this figure a fcc parent lattice app"es_ to bcc, open symbols to fcc related systems. In the bulk and free
surface cases also the concentration-weighted contributions of Ni

. . (circles and Fe(diamond$ to the total magnetic anisotropy energy
to the concentration-weighted averaged moment of that I:)Xre shown. In the case of the spin valves only the band energy

layer fqrmlng the left interface as a funct_lon of the_ NI'cON- contribution to the magnetic anisotropy energy is shdthirs time,
centration. As is to be expected by varying the Ni concenyiamonds refer to a fictitious fcc lattige

tration one actually can tune the averaged moment to the size

of the Co moment: at about 50% Ni the Py layers look magcompared to its thick counterpatn the lefi matching up to
netically like Co layers. Quite interesting is the variation of {he sybstrate. Quite clearly at or very close to the surface the
the Co moments in the right Co slab, since the moment in thggrresponding Py slab shows the same features as free sur-

Co layer forming the right Co/Py interface is least affectediaces of Py, namely a substantial increase of the component-
by changing the Ni concentration while the variations of theyespolved as well as of the averaged spin moments.
moment in the Co layer interfacing with the Cu spacer are

biggest. It also should be noted that the layerwise distribu-
tion of moments in the left and right Co slab is not symmet-
ric, reflecting thus the different magnetic behavior of the thin  In Fig. 4 the magnetic anisotropy energy for the bulk
Py slab (on the righ} forming the surface near region as systems, free surfaces of jRig,_., and in Py-related spin

B. Magnetic anisotropy energy
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FIG. 5. Layer- and component-resolved contributions to the FIG. 6. Layer- and component-resolved contributions to the
band energy part of the anisotropy energy in free surfaces oband energy part of the anisotropy energy inféj _ . related spin
Ni.Fe, .. Top: fcc Ni g 15, middle: fcc Np 156y g5; bottom: valves. Top: fcc NjgF e 15; middle: fcc Np o & 75; bottom: bec
bce Nip1Feg5. The concentration-weighted Ni and Fe contribu- Nig .4, 75. The concentration-weighted Ni and Fe contributions
tions are shown as open squares and circles, respectively. are shown as open squares and circles, the Co and Cu contributions

from the “active part” of the spin valve, namely @BusCo,, as
valves is displayed. Although their shapes and orders ofull squares and open triangles, respectively.
magnitude are completely different, at the phase boundary
between bcc and fcc significant changes in the magnetic arsystems around 70% Ni the anisotropy energy nearly van-
isotropy energy occur for free surfaces as well as in the bulkishes. For all Ni concentrations lower than 0.85, the Fe-like
As will be discussed in detail in the context of Fig. 6, in the contribution seems to be the driving force for selecting the
spin-valve systems the structural differences seem to be d¢fl00 direction as easy axis. This implies that the same easy
little importance: forc=0.25 virtually the sama&E, applies axis pertains for bcc- and fcc-like Mie, . bulk systems.
for a bce and a fcc parent latti¢ Furthermore, in the spin Around 60% Ni the free surfaces show a reorientation
valves the preferred orientation is always in-plane as can b#ansition from perpendicular to in plane, for higher concen-
seen immediately from the negative band energy contributrations of Ni the preferred orientation of the magnetization
tion. The negative magnetic dipole-dipole energy contribu-s in plane. It is remarkable that independent of the structure,
tion (not taken into account in this particular cssee also below 60% Ni a perpendicular orientation is more favorable.
Eg. (1), only enhances this tendency. As can be seen the reorientation transition for free surfaces

Inspecting now the curves for the bulk systems and thef Ni.Fe,_ is mainly caused by the Ni contribution. As the
free surfaces most prominently the difference in scale has tbulk easy axis lies in plane, the perpendicular surface anisot-
be noted: the bulk anisotropy energy is by a factof 10 ropy in the case of001) surfaces can give rise to a particu-
smaller than the corresponding free surface case. In the bulkrly interesting phenomenon, namely, noncollinear magnetic
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configurations can occur: the orientation of the magnetizato the MAE. Therefore we do not expect significant changes
tion rotates from in plane to perpendicular when going fromin the MAE due to intermixing effects at the Co/Cu inter-
bulklike layers to the surfac®.Although the study of such faces. On the contrary, intermixing at these interfaces is of
configurations is out of the scope of the present paper, it isrucial importance for magnetotransport as was demon-
important to note that they indeed can influence the magnestrated in a case study by Blaesal?®

totransport in such systems.

In Fig. 5 the layer-resolved contributions to the band en-
ergy part of the anisotropy energy are shown in terms of
concentration-weighted componentlike contributions. As can It was the aim of this paper to show that even well-
be seen from this figure the first five to six layers forming theknown, well-used materials like permalloy have undiscov-
surface region are different from those in the interior of theered and surprising properties. In particular, when choosing
systems, whereby the surface layer gives the biggest contrihese materials for new kinds of devices by making use of
bution. From this figure it is also evident that it is essentiallytheir surface properties or by forming interfaces with other
the large negative Ni contribution in the surface layer thatmetals like in spin valves, it seems to be almost fatal to
drives the reorientation transition, since the Fe contributionsimply take into account only some of their bulk properties.
are positive, i.e., favor a perpendicular orientation of theClearly enough systems like Nie, . “suffered” from their
magnetization. From the two lower parts of Fig. 5 follows applications as reliable bulk permanent magnets. However,
that the oscillations into the interior of these systems areonsidering that this particular system shows a surface
considerably stronger in the case of a bcc parent lattice thadriven reorientation transition, whose temperature depen-
for a fcc parent lattice. dence near the critical concentration might be of quite some

In Fig. 6 finally the layer-(and component-resolved technological importance, and considering thatdammer-
band energy contributions to the magnetic anisotropy energgial) GMR devices based on permalloy the electronic struc-
are displayed for permalloy related spin valves. For theséure and the magnetic properties are completely different
kinds of systems two different major effects have to be confrom those in the bulk, it appears to be necessary to review
sidered, namely the contributions from the so-called “activethis class of materials from a different point of view, namely
part” of the spin valve, the C&u;Co, unit, and from the in terms of surface and interface magnetism. It will be shown
surface region. In all cases the sum over the Co-like contriin a forthcoming papét that the results obtained here put
butions is negative, while in the surface region a similarinto a proper theory of electrical transport not only describe
behavior as discussed above for free surfaces applies. ARe bulklike (norma) resistivities for NiFe . extremely
already mentioned in the spin-valve systems the preferredell, but also the current-in-plan€CIP) GMR ratio in re-
orientation is always in-plane. For Ni-rich permalloy spin lated spin valves. The fact that the averaged moment in this
valves this is caused by the Ni-like contribution in the sur-system can be tuned by the Ni concentration might very well
face region and by the Co-layer overnext to the correspondrigger other applications based on surface or interface mag-
ing Py/Co interface. Just like in the case of free surfaces asetic properties, or, oppositely expressed, create the demand
the Fe concentration increases also the positive Fe contribtie investigate also surface related magnetic properties of dif-
tion from the surface layer increases, which, however, is outferent permalloy systems.
weighted by the contributions from the Co slabs such that the
preferred orientation of the magnetization remains in plane.

IV. CONCLUSION
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