PHYSICAL REVIEW B VOLUME 59, NUMBER 1 1 JANUARY 1999-|

Calculated magnetic properties of binary alloys between Fe, Co, Ni, and Cu
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We present a detailed theoretical investigation of the magnetic properties of all the binary alloys between the
3d elements Fe, Co, Ni, and Cu, in the fcc, bcc, and hep structures using the coherent-potential approximation
in combination with a linear muffin-tin orbitals basis set. We consider random, ordered, and partially ordered
alloys. Theory is shown to successfully reproduce the magnetic properties of these alloys, and allows an
understanding of the physics of the formation of magnetic moments in these systems. We have investigated the
correlation between magnetism and local chemical and magnetical surrounding, and find that Fe and Ni display
rather different behavior. Our study shows that there is an alloy-induced high-spin—low-spin magnetic phase
transition in all Fe-based fcc and hcp alloys. The limitations of a collinear spin model and the Weiss model for
explaining the Invar effect are discussed on basis of noncollinear calculations for fcc Fe.
[S0163-182¢08)03146-4

. INTRODUCTION manner>?42628the most famous example being the Invar
effect?®30

Properties of magnetic materials have always been a sub- Concerning the magnetic properties of binary transition-
ject of great scientific and practical interest. An enormougnetal alloys the most relevant experimental information is
amount of experimental and theoretical investigations haveontained in the so-called Slater-Pauling curve showing a
been carried out to get a deeper understanding of the natuli@ear increase of the average magnetic moment for early
of magnetism in solid$.Until recently the possibilities for transition-metal alloys when plotted as a function of the in-
theory to predict the properties of magnetic alloys, and everreasing electron per atom ratio, followed by a linear de-
pure metals, were very limited, and mainly restricted by apcrease of the moments when the averdgeccupation in-
plications of simple models. But the situation changed wherereases for the latter transition-metal alloys, with a maximum
the density-functional theory and the local-spin-density apfor an averagel occupation situated close to iron. However,
proximation(LSDA) were formulated;* and efficient tech- some very interesting exceptions from this rule are known to
niques for electronic structure calculations WereeXiSt. For inStance, the magnetic moment of the fcc FeNi
developed:® Nowadays the calculations of the standard fer-alloys is zero over a concentration interval of Fe between
romagnetiqFM) moment of, for example, a transition-metal 100 and 75%. The same type of quenched moment has been
element, is a routine procedure, and theoretical treatments @PServed in the fcc FeCo alloy, artificially fabricated by pre-
increasingly complex problems, such as noncollinear Spir_ﬁ?'pltatlon in a Cu matriX! In general, the possibilities to

configurations;® spin dynamics, etc., have been made pos- investigate experimentally the magnetic properties of
sible ' B transition-metal alloys as a function of structure, lattice pa-
THough the progress in the abilities to deal with magneticrameter or degree of chemical order are very limited which
systems is very impressive, the amount of information ob-m turn limits the available data base for a complete coverage

ined so far f p inciol dies is sl icted of the phenomena.
tained so far from first-principles studies is still restricted to 5 possible solution to this problem is provided by first-

mainly ideally periodic solids. There were also nUMeroUsyincinles theory, since there are no limitations for the treat-
investigations deyoted to the properties of more complicatedhant of the metastable, or even unstable phases, provided
systems, as for instance, surfaces of magnetic m&te8, adequate approximations and reliable techniques are em-
magnetic impurities?~*" or disordered magnetic alloy8->"  ployed. In this paper we present results of a systematic study
In most applications the main result consists of the calculaof magnetic properties of binary alloys between Fe, Co, Ni,
tion of the magnetic moments for the corresponding systemand Cu in all possible combinations, and for the three most
However, it has also been established that in alloys the mag:ommon close-packed crystal structures; face-centered cubic
netic properties, ground-state thermodynamic propertiegfcc), body-centered cubidcc), and hexagonal close-packed
structural and phase stabilities are strongly related to eactihcp. We have also varied the lattice parameters over a wide
other and sometimes even in a very unusual and unexpectéaterval, and have changed the degree of order in the alloys.
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We will present our results in a commonly used form, i.e., as Nominal number of minority band holes
a function of the average electron per atom ratio, thereby 3 2 1 0
making it clear where energy band-filling effects play a };ODO'( T T T
dominant role, and where the deviations are important. 2 : S CoNip NiCu

We will first analyze the behavior of the average magnetic T i,.v’!l,:eCo h I ]
moment in random alloys, how it is formed, and how it dies g et + P
off as a function of increasing average-Band occupation. g 2F U Tt CoCu |
The influence of the crystal structure on the magnetic mo- éf 1t '% """ o ]
ments will also be discussed, as well as the influence of the § K eCO, e
ordering effects on the magnetism. g o doox FeNi I Nicu ]

Il. METHOD OF CALCULATION 2 Ll e

We have used the linear-muffin-tin-orbitaLMTO) f ]
method of Andersen and co-work€fé—>*in the atomic- /o -
sphere, scalar-relativistic, and soft-core approximations. The 26(Fe) 27(Co) 28(Ni) 29(Cu)
basis set included,p, and d orbitals only. Disorder was Effective alloy Z number
treated by means of the multisublattice generalization of the _ ] _
coherent-potential approximati¢@PA), and relevant details FIG. 1. Average magnetic moment as a function of effective

for the present implementation of the LMTO-CPA method 2/10Y Z number(bottom scalgin random bedsolid line), fec (dot-
can be found in Refs. 35,36. In addition, some calculationgashed ling and hcp(dotted ling binary alloys between Fe, Co,
for the random fcc FeNi and FeCo alloys have been Carrie&“’ and Cu. The graphs are arranged in a scheme that focuses on the

out for a 144 atom supercell using the locally seIf—consistengqféfzggﬁtgzig:]ecsounigle‘;se'v;;'"r'gsgu?t];t?:: ?t.;]aen(;.”g;grgsrcgo ;Zkﬁn -
Green's function(LSGP method of Abrikosovet al3"38

; . - o . are displayed twice. Experimental results are shown by open circles
which computationally scales linearly with increasing num- ey P y P

. (bcc alloys, triangles (fcc alloys, diamonds(hcp alloys, and
ber of atoms in the system. The supercell has been Cor&'quare:{unspecified structure or thin filmgRef. 31). Experimental

structed in such a way that pair-correlation functions for the,ogits for the mechanically alloyed Fe-Cu system are shown by

first six shells are zero, as is the case in a real random alloyg areqRef. 41). The top scale shows a nominal number of minor-
The local interaction zon€LIZ) of.the LSGF calculations ity hand holes, and the thin dotted line represents the spin moment
includes two shells of nearest neighbdistally 19 atomg of isolated atoms.

and the calculations are fully converged with respect to the

LIZ size both for the total energy and magnetic moments inz number 27.5 and-band hole number 1.5, etc. Graphs are
these systems. The LSGF calculations have been performegit on top of each other in order to focus on the influence of
for a single Wigner-Seitz radiuBys=2.633 a.u. the fractionald-band filling. To make the presentation com-

In this work we employed the Vosko-Wilk-Nusair plete, two alloys(FeCo and NiCu have been displayed
parametrizatiof? for the exchange-correlation energy den-twice.
sity and potential. The integration in the reciprocal space has The agreement between experimiéfit and theory is
been carried out using 240, 280, and 2R%oints in the  about as good as calculations based on LSDA normally are
irreducible parts of the fcc, bce, and hep Brillouin zones, for elements and ordered compounds. This illustrates the ap-
respectively. By minimizing the total energy calculated for plicability of our computational technique to the type of
several Wigner-Seitz radii the equilibrium volume and mag-problems discussed in the present paper, and allows us to
netic moments were found. analyze the physical reasons behind the calculated trends.

Moreover, to improve on the accuracy we used the fixedSome deviations between the theoretical and experimental
spin moment methdd for those alloys where the ferromag- data can be seen for the fcc FeCo and the fcc FeNi alloys at
netic (FM) and the paramagnet{®M) solutions are close in  about 26.5 electrons/atom, i.e., in the region where the mag-
energy. In our calculations we have only considered the pametic moment appears, and for the Cu-rich Co-Cu and Fe-Cu
allel spin alignment, no more complicated magnetic configualloys. These deviations will be discussed in Sec. VII.
rations (antiferromagnetic, local moment disorder, noncol-  The first remark we want to make is that the magnetic
linear, etc) have been investigated, except for the case ofoment, in a very simple picture, depends weakly on the
supercell calculations, discussed in Sec. VI, and for the casgrystal structure, and decreases almost linearly with an in-

of pure fcc Fe, discussed in Sec. VII. creasing number of electrons. As a matter of fact, this kind of
trend is displayed already for the free atofifsthe orbital
IIl. CONCENTRATION DEPENDENCE OF AVERAGE moment is assumed to be quencheas shown in the top
MAGNETIC MOMENT panel of Fig. 1. This is a clear illustration of the fact that the

magnetic moment of @ transition-metal alloys is formed by
In Fig. 1 the theoretical and experimental magnetic mo-quite localizedd-electron states with a bandwidth of 3—4 eV.
ments for all binary alloys that can be formed between theThis picture, of course, breaks down when one considers the
four elements Fe, Co, Ni, and Cu are presented as a functicgarlier transition-metals and is definitely not sufficient for a
of the average number of electrons per at@ottom scalg  deeper understanding of the magnetism of transition metal
or nominal number of minoritg-band holegtop scal¢. For  alloys.
example, the CgNig alloy corresponds to an effective alloy  In a crystal the 8 levels form a relatively narrow band
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due to the hopping of electrons between neighboring atoms. ws (20)

lThlsd IS an O?.VIOUS eXp:anfatlont;:or de\??ﬂonfs of t?e Ca'laf:u- FIG. 3. Evolution of the binding energy curve in the fcc random
ated magne Ic moments Irom those of the free atom. AS %Iloys between 8 metals with increasing fractional filling of
reSl_JI_t the localized electron plctgre has to be subs_tltUt_ed bMand by 3l electronsny. Total energy(relative to the equilibrium
an itinerant model where the existence of magnetism is M€anergy is shown as a function of Wigner-Seitz ra®i,s. Solid

lated to whether the Stoner criterion is fulfilled or not drawn lines correspond to the locally stable solutions, the dot-
dashed lines show the PM solutions and the dashed lines are ex-
IN(Ep)>1, (1) trapolations of the high-spin branches, to volumes where these so-

lutions are not stable even locally.
where N(Eg) is the alloy density of state€DOS) at the Y

Fermi level Eg) in the paramagnetic phase, ahdienotes Because the antibonding peak in the bcc phase is relatively
the so-called Stoner parameter which is an intra-atomi¢arrow, the opposite situation takes place in Ni when filling
quantity and is known to depend only little on crystal envi-the bcc and fcc bands by approximately 8.5 electrons. The
ronment. The Stoner criterion states that ferromagnetism agrermi level is now on the other side of the antibonding peak
pears when the gain in exchange energy is larger than thia the bcc phase, and the DOS is higher in the fcc phase.
loss in kinetic energy. Therefore, there is always a competiSince band-structure calculations give that the fcc and hcp
tion between FM and PM solutions, and magnetic propertie®0OS are quite similar to each other, we find a common be-
are determined by the state which has lowest energy. havior for the magnetic moments for these two phases also.
The Stoner model allows us to understand the structural The clear dependence of the average magnetic moment on
dependence of the magnetic moment, which is found to beéhe effective alloyZ number, seen in Fig. 1, illustrates that it
most pronounced in the Fe-rich alloys and for Ni. To beis the filling of thed band which dictates many of the mag-
specific, the magnetic moment for pure bcc Fe at the equinetic properties of alloys between transition metals. It also
librium volume is 2.18g, but zero in the fcc and hcp shows the strength of the Stoner model for understanding
phases, an effect that E{) explains. The opposite situation these phenomerfd.
occurs for Ni which in the bcc structure shows an intricate In Fig. 3 the existence and the underlying mechanisms of
magnetic behavior. A metastable solution with a nonzeradhe competition between the PM and the FM solutions are
magnetic moment is found when the lattice is expandedllustrated by showing the evolution of the volume depen-
slightly. But from careful fixed spin moment calculations we dence of the binding energy curves for the fcc alloys as the
predict the nonmagnetic solution to be the stable solution dband filling increases. In these graphs it is the fractional fill-
equilibrium. These results for Fe and Ni are in agreemening of the band that is of interest, not the particular alloy
with earlier studieé? In Fig. 2 we show the paramagnetic chosen. The behavior is also similar for the other structures,
DOS for Fe and Ni in the fcc and bcc phases at their correand we have chosen fcc as an example. The differences be-
sponding equilibrium lattice constants. One finds that the obtween different structures will be discussed later. Notice that
served structural dependence of the magnetic moment is esemetimes a solution with a small magnetic moméhe
plained by the difference between the DOS for the bcc andow-spin solution, L$ is more stable than the PM solution.
the fcc phases. The bcc DOS has a characteristic structufié distinguish this solution from the one with a larger mag-
with two well defined maxima for the bonding and antibond-netic moment we call the latter the high-sigS) state. The
ing states, respectively, while the fcc DOS is more uniformtotal energy relative to its equilibrium value is plotted as a
as a function of energy. As a result of the filling of these function of Wigner-Seitz radius. The solid line corresponds
bands by about 6.8 electrons in Fe, the Fermi level lies at to the magnetic configuration with the lowest energy. The
a peak in the DOS of the bcc phase, resulting in higherlot-dashed lines show the PM solutions and the dashed lines
density of states compared to the fcc phase. As the Stoneire extrapolations of the high-spin branches, to volumes
parameter| in Eq. (1), does not depend on structure, the where these solutions are not stable even locally. In the pan-
Stoner criterion is fulfilled for bcc Fe, but not for fcc Fe. els (a) and (b) two distinct energy minima are seen corre-
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FIG. 4. Spin-resolved density of statd30S) for random fcc
FesoXso alloys (X=Co, Ni, Cu) as a function of enerdyelative to
the Fermi energ¥g). The DOS for a majority- and a minority-spin
channels are denoted lyand |, respectively.

becomes smallgiFigs. 3d)—3(f)]. Notice, that not only the
energy difference between the HS and LS states decreases,
but also their equilibrium volumes approach each other. The
reason for this is of course the decrease of the magnetic
moment, whereby the magnetic expansion of the lattice de-
sponding to the LSat lower volumey and to the HS(at  creases. Towards the end of the series9¢9.5 d elec-
higher volumes states, respectively. In pané) the low-  trong, when also the minority spin channel is about to be-
spin state is more stable than the high-spin state. In gahel come filled, the high-spin state loses its magnetic moment
however, one sees a very intricate competition between thand the two curves merge gradually. For Cu-rich alloys the
two spin states. Careful fixed spin moment calculations hagnagnetic and nonmagnetic curves join completely and the
to be performed to resolve the situation. By a slight increas¢&.S and HS states become degenerate.
of the amount ofi electrons, the high-spin state becomes the In Fig. 5 the energy difference between the HS and the LS
stable one. The discontinuous jump in the magnetic momerdtates is displayed for the three different structubes, fcc,
seen in Fig. 1 is driven by this competition between the high-and hcp as a function of effective alloyZ number (or,
and the low-spin states. Notice that this discontinuity occurgquivalently, as a function of the band fillingAs discussed
at practically the same electron concentratiahabout 26.5 earlier, bcc Fe is stable in the HS state, and thereby the solid
effective alloyZ numbey in all Fe-based alloys. At this par- curves start at large negative values. On the contrary, fcc and
ticular band filling the total energy for the high-spin and hcp Fe are more stable in the LS phase and thereby the
low-spin state happens to be eqiste Fig. 8b)]. dotted and the dot-dashed lines start with positive values. A
When further increasing the number dfelectrons the sharp crossover occurs for these two structures at higher
high-spin state becomes more and more favdssk Fig. electron concentrationsZ(~26.5 for fcc alloys andZ
3(c)]. For fcc FeNi the high spin to low spin transition occurs ~ 26.8 for hep alloysand for higheiZ numbers all alloys are
at a Ni concentration of 26%. In this concentration region themore stable in a ferromagnetic phase. For the Cu-rich region
system is known, from experiments, to qualify as an Invarall curves merge the zero line. This is directly related to the
system, with zero or very small thermal expansiof This  LS-HS evolution described above. The first crossing corre-
was also discussed in Ref. 24. The studies presented hegponds to the case when the HS minimum becomes lower in
suggest that as a result of the high spin to low spin transitiomnergy than the LS minimum, and the second crossing oc-
in the fcc and hcp alloys, in combination with an energycurs when the HS and the LS states become degenerate. One
competition between these states, the Invar effect would bean also see that these curves are almost completely deter-
seen in all close-packed Fe-based alloys. In practice this imined by the corresponding band filling, and have character-
not the case because neither the fcc nor the hcp phases of tiseic parabolic shape. The later phenomenon has already been
FeCo and FeCu systems are crystallographically stable. discussed in Ref. 24, where the parabolic shape has been
It is important to point out that at these concentrations thexplained in the framework of a rectangular DOS model,
filling of the majority spin channel is almost complete, asproposed by Friedéf It is more surprising that this simple
shown in Fig. 4a), where the spin-resolved DOS for the fcc model, as well as other band-filling based arguments, works
Fe;oCos alloy is shown. When further increasing the amountso well in all alloys considered here. We will soon show that
of 3d electrons in the alloy, the minority-spin channel mustpartially decomposed DOS deviate substantially from a rigid
successively become filled with these electrons. This iband behavior. This does, however, not contradict the discus-
manifested in Figs. @) and 4c) where the DOS for the fcc sion above in a serious way.
FesgNisg and NiCusg alloys are presented. As a conse- An explanation for why the band-filling arguments still
qguence, the average spin moment decreases gradually acan be used is that thetal alloy DOS for all alloys really
the energy difference between high-spin and low-spin statesxhibit a behavior similar to the rigid band-type behavior, as
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@ Fe.Co in general, in Iine_ with the experimental observat!ons. For
N R 2,300, bce FeCo containing 20% Co the observed magnetic moment
0 T is 0.22ug higher than for the pure Fe. For bcc FeNi, with
L w\,\/ 12% Ni, the experimental magnetic moment is only Q.94
higher than for pure FéRef. 31) whereas our calculations
. L L L give that the average moment is QuQ2lower. For bcc FeCu
= (b) Fey,Ni 5 2.18y, the experimental magnetic moment is steadily decreasing
2 T when adding more Cu into the alloy, in agreement with our
g 0 w findings. Notice that in the experiments a certain amount of
2 [N V short-range order is always present. Therefore, the small in-
A ) , , , crease of the magnetic moment in bcc FeNi alloy could be
(¢) Fe, Cu,, 201, related to this.
1t i The above observation is a direct reflection of the fact that
0 T A— the rigid-band model cannot be mechanically applied in all
! Im@joritysme/\[ situations. In particular, one can see in Figé&)Gand _G(c) '
minority spin that the spin-up band of Fe is not completely filled in

6 4 2 o FessNiis and FggCuyq alloys. The reason behind this is that
E-E, (V) the DOS of the minority channel of FeCo has a somewhat
more pronounced valley at the Fermi level than FeNi and
FIG. 6. Spin-resolved density of statéBOS) for random bcc  FeCu(see Fig. 6, and this leads to a faster saturation of the
Feyp Cog (), Feys Nigs (b), and Fgy Cuyg (c) alloy. Notations are  majority-spin channel. Therefore, the saturation of the
the same as in Fig. 4. spin-up band, successfully used as an argument in case of the
bcc FeCo alloys to explain the maximum at the Slater-

can be seen in Fig. 4. This means that the bands first split tgauling curve, cannot automatically be applied for the bcc
give a filled majority band, thereafter only the minority-spin FeNi and FeCu. This will be discussed more in the next
channel is filled when the electron concentration is increase®€ction.
This is certainly not true for the DOS projected onto atomic
spheres of the alloy components which will be discussed
later. However, in the total DOS the peculiarities of the in-
dividual DOS curves shows up to a much smaller degree, The example above indicates that simple band-filling ar-
and do not strongly influence properties such as the averaggiments cannot successfully describe intricate magnetic
magnetic moment of an alloy or the LS-HS energy differ-properties of transition-metal alloys. Significant deviations
ence. from the rigid-band model behavior occur as soon as one
Higher-order effects do exist, and are seen, especially foconsiders the decomposition of the total moment into the
the Cu-rich alloys. For instance, we have calculated, irindividual contributions from the alloy components. In Figs.
agreement with experiment, a zero average magnetic m&~—9 the individual magnetic moments of the same alloys as
ment for Cu-rich CuNi alloys, but finite moments for CuCo in Fig. 1 are displayed. Note that in a real alloy a distribution
and CuFe alloys. The main trends of the average magnetiof the values of the magnetic moments for chemically
moment of an alloy, however, are determined by the fillingequivalent atoms with different chemical surrounding is
of the alloy d band. This is the reason for the successfulpresent, as will be discussed later. All values in Figs. 7-9
description of the magnetism ind3alloys in terms of the correspond to the restricted average magnetic moments for
Slater-Pauling curve. alloy components, i.e., magnetic moments averaged over all
For FeCo in the bcc structure one can clearly see thatoms of the same sort in the alloy. In the framework of the
characteristic Slater-Pauling behavior of the magnetic moCPA such an averaging is done automatically, and all fluc-
ment when varying the concentration of the constituent attuations of properties between chemically equivalent atoms
oms(Fig. 1). As has been said above, the calculated equilibare neglected. Recently it has been shown that the CPA pro-
rium magnetic moment for pure bcc Fe is 248 Adding a  vides a very good description of average properties for com-
small fraction of Co causes the moment to increase up tpletely random alloys, but that one must be more careful
2.30ug for Feyg Cozp. The maximum at 30% is usually ex- calculating restricted averagélike the local DOS or indi-
plained by the fact that the Fermi level is pinned in a valleyvidual magnetic momentswithin this approximatiorf?
of the minority-spin channel which forces the majority spin Therefore, it is very important to compare our results with
channel to saturafsee Fig. 6)].*°~*’ At 30% concentration experiments as well as with theoretical results obtained by
of Co this is more or less the case and the magnetic momemtore accurate computational methods, not based on a single-
gradually decreases when further increasing the amount dcfite approximation.
Co. When Fe is alloyed with Ni and Cu one would, based on Experimental data are found in Ref. 31 for fcc FeNi and
the same band-filling arguments, expect to see the sanfeoNi (Fig. 7) and good agreement with theory is seen. In
trend at the same fractional filling, i.e., a maximum magnetiggeneral, the agreement is comparable with what is seen in
moment at around ReNi;5 and FgCuyo. This is, however, Fig. 1 for the average magnetic moments. To compare our
not the case. The maximum magnetic moment for these sysesults with other first-principles techniques we display in
tems is found for pure Fe. Alloying with Ni or Cu decreasesFigs. 7 and 9 available data for magnetic moments of single
the moment and a maximum does not occur. Our results ar@npurities in corresponding hosts, calculated by the Green’s-

IV. INDIVIDUAL MAGNETIC MOMENTS
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FIG. 7. Average magnetic moments of alloy components as a FIG. 9. Same as in Fig. 7 but for the random bcc alloys. Calcu-
function of effective alloyZ number in random fcc alloys between lated magnetic moments of single impurities of Co in (®pen
Fe, Co, Ni, and Cu. The calculated individual magnetic momentdriangle, Ni in Fe (open squareand Cu in Felopen diamongare
for the Fe are shown by solid lines, for the Co by dot-dashed linestaken from Ref. 14.
for the Ni by dashed lines, and for the Cu by dotted lines. Experi-
mental results from Ref. 31 are shown for Co-Ni alldyy filled
circles for the Co and open circles for the)dnd Fe-Ni alloygby
filled circles for the Fe and open circles for the)NCalculated
magnetic moments of single impurities of Co in {dpen squang
Cu in Ni (open diamonyg Co in Cu(filled square, Ni in Cu (filled
diamond, Fe in Ni(open triangl¢ and Fe in CUfilled triangle are
taken from Refs. 13,15.

around 2.z when it is alloyed with another element. On
the other hand, the magnetic moment on Co has a more or
less constant value in all alloys. The Ni moment is almost
constant when it is alloyed with Fe and Co but its magnitude
decreases to zero when it is alloyed with fcc or hcp (e
bcc CuNi alloy is paramagnejicCu stays almost nonmag-
netic for all structures and all alloys. Noticeable is that the
function technique by a number of authd?s’ These results ~ structural dependence of the magnetic moments is not very
agree well with each other, and with our individual momentsstrong. Exceptions are the Fe-rich fcc and hcp alloys where
extrapolated to the impurity limit. As a final test we have the low-spin to high-spin transition is seen, and the bcc Ni
performed self-consistent calculations for fcesd@osg and  and NiCu alloys which are nonmagnetic.
FesoNisg alloys modeled by a large supercell of 144 atoms by  Slow variations of the individual magnetic moments with
means of the LSGF methdd3® The relevant details is given concentration of an alloyexcept for the LS to the HS tran-
in Sec. Il. Magnetic moments for the FeCo and FeNi alloyssition in the fcc and the hcp Fe-based allpgse consistent
calculated by the CPA and the LSGF are given in Table lwith nearly linear variations of the average magnetic mo-
and from this table one can Clearly see that the CPA gives fhent. However, one can C|ear|y see that the magnetic mo-
reliable description of the total magnetic moments, as well agnent of Fe in the bcc crystal saturates faster when Co is
the magnetic moments averaged over the individual allO)édded to the a”oy Compared to Ni or Cu. This is in agree-
components. The CPA results presented in this paper akgent with the densities of states shown in Fig. 6 where the
thus trustworthy. filling of the majority-spin channel for Fe decreases when
From the data presented in Figs. 7-9 we see that the Rgying from FeCo through FeNi towards the FeCu bcc ran-
moment in all systems and for all structures increases up tgom alloys with the same total filling of the band. This
somewhat faster increase of the magnetic moment on the Fe

20 |
10 |

FeCo 4 CoNi_ 1 NiCu -
17 1 _ 1 ]

/l ——————— ~—

o= + 1 I~

site in the bcc FeCo alloy explains the maximum in the av-
erage magnetic moment cun{€ig. 1) which appears for
FeCo but not for FeNi or FeCu. Next, we use a model similar
to one of Ref. 47 and assume a linear increase of the Fe

g
g 20| ReCo o 1 magnetic moment in an Fe-rich alloy, as well as a constant
if wbk 4+ T . value of the impurity magnetic moment,
: = -
g 2 FeNi T NiCu 4 TABLE |. Comparison of CPA and supercell LSGF results for
§ 1 F J,_—:_’_t;-__ . average magnetic momen(g Bohr magnetonsin random fcc
é" ' had S Feso Cosp and Fgg Nigg alloys (Rys=2.633 a.u.).

2| FeCu 4

[ ] Method FeyCosg Fey Nigg
//,j Fe Co av. Fe Ni av.
26(Fe) 27(Co) 28(Ni) 29(Cu)
CPA 2431 1639 2035 2535 0.672 1.604

FIG. 8. Same as in Fig. 7 but for the random hcp alloys.

Effective alloy Z number

LSGF 2436 1633 2.035 2535 0.672 1.604
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T T T TABLE Il. Number of electrons in the atomic spheres of fcc Fe,
5fp @ 1 Co, and Ni.
4 F Fe,Cuy Fe p ]
g ] Cu // \\ Element System s p d Total
\
1r e TN N Fe Pure 0.640 0.807 6.554 8.000
sf o ' ] FeoClyp 0591 0673 6.715  7.978
% Co.C Cor™\ Co Pure 0.651 0.800 7.550  9.000
S 4 F Copluy / ]
£ sl cu i ] CooClu, 0.611 0.695 7.674  8.980
5{ 2 F Iy 4 Ni Pure 0.659 0.749 8.592 10.000
Qb L~ \_; Ni;pClg, 0.655 0.720 8.660  10.036
+ —n
5 © N/ 1
4 NigCuy ,' “ ] transition-metal elements form virtual bond states close to
3r Cu Iy ] the Fermi level. This means, first of all, that the shape of the
f o~ ! DOS for Fe, Co, and Ni changes drastically compared to
o= S their elemental DOS. It can be seen that the virtual bond
-6 -4 -2 0 state of Ni is centerellelowthe Fermi energy, while, for Fe
E-E (V) and Co it is centeredt the Fermi energy. For the CuNi alloy

this situation has been discussed by Tersoff and Falficov
who showed on the basis of calculations for stoichiometric
NiCu compounds that the possible reason for the filling of
the Ni d band and its shifting off the Fermi level should be
intra-atomicsp to d electrons charge transfécharge trans-

fer between Ni and Cu is too small to account for this effect
In Table Il the net charges inside the atomic spheres of pure
fcc Fe, Co, and Ni, as well as their impurities in Cu are
2) given, where the effect, predicted by Tersoff and Falicov is

FIG. 10. Density of state€DOS) as a function of energyrela-
tive to the Fermi energyeg) for the paramagnetic random fcc
Feo Cugg (@), Coyg Cuyg (b), and Nig Cugy, () alloys. Partial DOS
of Cu and impurity(Fe, Co or N) are shown by full line and by
dashed line, respectively.

— 0
Kre= KECT MFe

Himp™= CONSL clearly seen. As Ni has an almost filledband, this intra-
In Eq. (2), atomic charge transfer is enough to shift the virtual-bound
state for the Ni impurity in Cu below the Fermi level and
. :% 3) therefore to lower the DOS for Ni atoms below the value
Fe' dc c—0 which is needed to satisfy the Stoner criterion. Hence, it

) ) ) ) ) becomes nonmagnetic. In contrast, theands of Co and Fe
andc is the concen%rapon of the impurity componéne.,  4re (o far from being filled, and the charge transfer is too
Co, Ni, or Cy, and . is the magnetic moment of pure bcc \yeak to shift their virtual bound states below the Fermi en-
Fe. From this it is easy to show that the concentratf,  ergy. Thus, Fe and Co impurities in Cu should remain mag-
at which maximum average magnetic moment occurs is  npetic, in agreement with our calculations, earlier impurity
0 calculations as well as experimént.®

1 Mimp™ MFe
Crmax=7 T Y (4)
MEe V. ORDERING AND MAGNETIC MOMENT
The second term in Ed4) will always be negative because  In Table Il the magnetic moments of the ordered binary
Fe always has higher magnetic moment than the corresponetloys between Fe, Co, Ni, and Cu are compared with the
ing impurity. Studying the impurity series Co-Ni-Cu, the magnetic moments of random alloys. We have considered
value of u;m, successively decreases together with the valughe CsCl(or B2) structure as the ordered phase of the bcc
of uf. (see Figs. 6 and)7The decrease of these two factors underlying lattice, while the CuAul(l,) structure and
can movec,, from a point above 0 in the bcc FeCo alloy to CusAu (L1,) structure have been considered as the ordered
a point below 0 in the bcc FeNi and FeCu alloys, as it actuphases on the fcc underlying lattice. Note that in B2
ally does. This, together with the analysis of the density ofstructure only the compound with equiatomic composition
states for the corresponding bcc allofsig. 6) presented can be perfectly ordered. For the off-stoichiometry composi-
above, explains the limitations of the rigid-band model pre-tions partially ordered alloys have been considered with one
dictions for the concentration dependence of the averagsublattice fully occupied by the atoms with largest concen-
magnetic moments in different bcc alloys described at theration and the other sublattice randomly occupied by the
end of Sec. lll. remaining atoms. The ordered alloys on the fcc underlying
Another very interesting situation occurs in the fcc andlattice were considered as completely ordered.

the hcp Cu-rich alloys. The local magnetic moment on the Ni  Ordering of the bcc FeCo alloy which is the only stable
vanishes at about 60% of Cu, but local moments on Fe anB2 phase among those considered in the present study, in-
Co remains nonzero up to the dilute limit. This situationcreases the moment slightly. This increase of the magnetic
becomes clear when analyzing the paramagnetic local demoment for FeCo is in very good agreement with magneti-
sity of states for the alloy components in fcc Cu-rich alloys,zation measurement$To pick an example; for EgCos, the
presented in Fig. 10. We see that in all cases impurities ofise in moment going from a random alloy to an ordered
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TABLE Ill. Theoretical magnetic moments of ordered alloys 3 T T
compared with corresponding random alloys.

€0

@
=)

O

€D A

bcc fcc ~
x=25 x=50 x=75 x=25 x=50 x=75 )

s
£4%
<
iy
(@]

Fe_,Co Ord 230 227 200 00 204 1.83
Rand 230 220 195 00 197 1.81
Fe,_Ni, Ord 209 173 113 175 164 1.20
Rand 202 166 1.09 00 158 1.15

[ 2 W [s=0 "y
. GO9

Magnetic moment ()
o

dighEs . 000
O w4

SES- -

Fe,_,Cu Ord 1.85 139 070 1.71 130 0.65 p &
Rand 1.81 125 0.64 184 123 0.63 .
i @Fe(FeNi,DLM)
Co,_,Niy, Ord 1.47 111 081 140 119 0.92 OFe(FeNi M) :
Rand 1.48 120 0.85 142 118 0.3 2 b e . ' .
Co, ,Cu  Ord 126 074 032 126 085 0.32 R ¢ g
Rand 127 0.78 0.37 120 0.78 0.35 g LT, , , ‘ ?
Ni,_,Cu, Ord 0.24 0.00 0.00 033 014 0.01 0 2 4 8 8 10

Number of unlike atoms in the first shell

Rand 0.00 0.00 0.00 040 0.16 0.01

FIG. 11. Magnetic moment on one site as a function of number
of unlike atoms in the first coordination shell of this site for random
alloy is 0.08:5 in the theoretical data and 0,0% for the  fcc F&oCoso (gray symbols and Feg Nigo (black symbols alloys,
measurements. In the case of the ordered fcc alloys reliabf@0deled by supercells with 144 atoms. The single value of the
experimental information can be found for the, 84,5 sys- Wigner-Seitz radlu_tRWS= 2.633 a.u.was us_ed. Magnetic moments_
tem. Here the mean atomic moment derived from the mag(—)n Fe, Co, and. Ni atoms are shown by circles, squares, and dia-
nitude of volume magnetization increases from 138 the monds, respectively. Results of ferromagnéfiM) calculations are

. 1. given by open symbols, while calculations for disordered local mo-
random alloy to 1.225 in the ordered alloy! in excellent ment orientation$DLM) are shown by filled symbols.

agreement with the calculated results. Also, our calculated

magnetic moments for ordered FeCo and FeNi alloys are in VI. INFLUENCE OF LOCAL ENVIRONMENT

very good agreement with numerous earlier theoretical cal- ON MAGNETIC MOMENTS

culations of these systerfg>’~°946:47 . o
The following trends are seen when analyzing the results To explain the observed trends of the average individual

presented in Table Ill. Firstly, the degree of order does noff@gnetic moments of Fe, Co, and Ni, careful consideration
of the complicated interplay between chemical and magnetic

strongly influence the magnetic moment, except for tWOIocaI environments of different atoms in an alloy is required
cases, the fcc i»5 and the bce NiCuys alloys which are ) : .
NIz NiCLps alloy (Cu has an almost filled band, which makes it more or less

both in the vicinity of the PM to the FM transition. This is L X . .
. lated to the fact that th i t of 3 nonmagnetic in all environments and no such study is moti-
again refated 1o the fact that the magnetic momen vated. This is not easily done within the mean-field

transition-metal allqys is formed by quite Iocallze_d_ approximatiorf® but can be done in the framework of the
d-electron states which are not supposed to be too sensitiy percell approach“¢5°As a matter of fact, to achieve this

to the local environment effects. Secondly, we find that al-g45| we can analyze results of our LSGF self-consistent cal-
most all Fe alloys increase their magnetic moments slightly,1ations for fcc Fe,Coso and FegNis, alloys modeled by a
upon ordering. This fact is in agreement with the behavior ofarge supercell of 144 atoms, used in Sec. IV to illustrate the
the local magnetic moment on an Fe site discussed in Sec. I¥pplicability of CPA to the problems considered in the
where it was shown that the Fe magnetic moment increasgsresent paper. Moreover, in addition to the ferromagnetic
with increasing impurity concentration, i.e., with increasing calculations we have also performed calculations for the su-
number of unlike atoms in the first coordination shell. This ispercell described above with a random initial distribution of
essentially the case for the ordef®d, L1y, andL1, struc- the local moments, i.e., with disordered local moments
tures. The only exception here is the f&u,; fcc alloy  (DLM). The total energy for such a supercell, when self-
which has a concentration close to the HS-LS magneticonsistency has been obtained for the Kohn-Sham equations,
phase transition. Using similar arguments, one expects thds higher than for the ferromagnetic configuration by 76 meV
the magnetic moments of ordered Cu-Ni alloys on the underfor Fe;Cosp and by 50 meV for FgNisg. Even though these
lying fcc lattice should decrease, and this expectation is supsolutions are only metastable, the results obtained for the
ported by calculations. Note that all random bcc Cu-Ni al-DLM configurations allow a more detailed study of the de-
loys are paramagnetic, but the partially orderegGlis B2 pendence of the local magnetic moments of atoms on their
alloy has a magnetic moment0.24ug . The energy differ- chemical and magnetical environment.

ence between the FM and the PM solution in this case, how- In Figs. 11 and 12 we present calculated local magnetic
ever, is~1 meV, which is at the limit of the accuracy of moments of FeCo and FeNi alloys for different sites in the
our calculations. In case of Co alloys we have an intermedisupercell plotted as a function of number of unlike nearest
ate situation: an ordering on the fcc lattice increases magaeighbors in their first coordination shéile., local chemical
netic moment, but the average magnetic moment decreaseavironmentand as a function of the total magnetic moment
upon ordering in the bcc alloy@xcept alloys with Fe in the first coordination shelii.e., local magnetic environ-
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with increasing total moment in the first shell, showing a
large uncertainty in the DLM samples.

With this knowledge it is easy to explain our results for
the concentration dependence of individual magnetic mo-
ments(Figs. 7-9, as well as their dependence on the degree
of order. The increase of the magnetic moment of Fe when it
is alloyed with other elements is a response that is typical for
Fe when the number of unlike atoms increases, as seen
above. For Ni the magnetic surrounding is of importance for
the magnetic moment of the atom. When it is alloyed with Fe

Magnetic moment (W)
o

@ Fe(FeNi,DLM) . : -

a O Fe(FeNi,FM) § or Co, which have larger local magnetic moments than Ni,
2’8255222?&% the magnetic moment remains const@aturategl When, on

» B Ni(FeNi.DLM) the other hand, it is alloyed with Cu, which is nonmagnetic,

2r ; DI Ni(FeNi,FM) 1 the Ni magnetic moment drops more or less linearly with

# Fe(FeCo,DLM) . . .
increasing amount of Cu atoms in the all@nd, of course,

. . . in the neighborhood of the Ni atomi.e., with decreasing
-2 Avem“ . - ‘f nell /2 3 average magnetic moment in its first coordination shell. The
ge magnetic moment in the furst shell (j,/atom) behavior of Co, as we have already mentioned, is intermedi-
FIG. 12. Magnetic moment on one site as a function of averaggyte that of Fe and Ni.
magnetic moment in the first coordination shell of this site for ran- | connection with the discussion above we remark here
dom fcc Fgo Coso and Feg Nisp alloys. Notations are the same asin ynat  at present, the most common way of investigating the
Fig. 11. temperature evolution of magnetic properties of metals and

ment, respectively. Open symbols correspond to the ferro_alloy:s is Monte Carlo simulations based on the classical

magnetic solutiongFM), while filled symbols correspond to He|senperg Hamlltoman. One of the consequences of our
the metastable DLM configurations. A lower magnetic mo-esults is an expectation that such simulations for Ni, Co, and

ment in the first coordination shell for FM samples meansthelr alloys must include the possibility for the magnitude of

that there are less Fe atoms there. For the DLM samples, otne magnetic moment to change. An e>_(ampl_e O.f this ap-
the other hand, no prediction of the number of Fe atoms cal roach_ can b_e foun_d in Refs. 51,52. The flrstiprlnc[ples spin-
be done from the magnetic moment in the first coordination ynamics simulations, of course, contain this effect
shell because the moments can have different directions. automatically’

One can see from Fig. 11 that the absolute value of the
magn_etic moment on an Fe atom incregses linearly with in- \,; coMMENTS ON THE COLLINEAR SPIN MODEL
creasing number of unlike nearest neighbors for both the
DLM and the FM configurations. The local magnetic envi- In Fig. 1 we see a few cases were experiment and theory
ronment(Fig. 12 seems, however, to be uncorrelated withdo not agree perfectly. Mainly this is for Fe-based alloys
the magnetic moment of the Fe atom, since this atom doeshere the high-spin to low-spin transition takes place, but
not seem to depend on the average moment of the first shelllso for Cu-rich fcc alloys. In the former case, theory gives
In the DLM sample the magnitude and sign of the magneticsharp first-order phase transitions while experiment gives a
moment of Fe is uncorrelated with the magnitude and thdransition that is smeared out over a small concentration in-
sign of the moment in the first coordination shell. In the FMterval. In the latter case we have calculated a nonzero aver-
sample, the magnetic moment of Fe even decreases with ige magnetic moment in the alloy while experiment predicts
creasing magnetic moment in neighborhood. For this sample, vanishing moment. Before summing up we would like to
this is identical to increasing number of other Fe atoms in thaliscuss these misfits in terms of limitations of a collinear
neighborhood of a particular site. To conclude, the magnetispin model.
moment of Fe depends mainly on the chemical surrounding The magnetic moment close to the HS-LS transition is
and not on the magnetical surrounding. very sensitive to the lattice parameter and, consequently, to

The opposite situation is found for Ni. The magnetic mo-intricate details of the calculations. For example, calculations
ment is independent of the chemical surroundisge Fig. based on the Korringa-Kohn-Rostoker-CPA method predict
11) but depends on the magnetical surroundisee Fig. 12 the HS to the LS transition to take place at slightly higher
In Fig. 12 a linear increase of the magnetic moment of the Nconcentrations; about 35% of Ni in the fcc FetNF25and
atom with increasing moment on the neighboring atoms isabout 18% of Cu in the fcc Fe-Gili.However, these calcu-
seen for the DLM sample until saturation is reached. Notabldations also report the sharp first-order-type phase transition.
is that Ni is nonmagnetic in a nonmagnetic surrounding. InHence, we believe, that the main reason for the observed
the FM sample, the magnetic moment is constant both witllisagreement is the neglect of noncollinear spin configura-
respect to number of unlike atoms and magnetic moment itions in the present study, as well as most other studies of
the first shell. This is because in FM dgiisg the surround- magnetism in alloys.
ing is always magnetic enough to yield a saturated moment Let us illustrate what one could expect by including the
on the Ni atom. possibility of having noncollinear spin structures by consid-

Co exhibits a behavior that is intermediate to that of Feering an example of pure fcc Fe. It is now well established,
and Ni. Its moment decreases slowly with an increasingheoretically, that the ground state of fcc Fe is a noncollinear
number of unlike nearest neighbors and increases slowlgntiferromagnet, and the transition from the LS to the HS

-3
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' y y ' T volume curve is smooth and the abrupt high-spin to low-spin
05t fec Fe transition is replaced with a set of continuous transitions be-
« HSfn tween different noncollinear magnetic states. The same situ-
o4k « LSfm ation is, of course, expected for fcc FeNi alloys.
' o 1k As for the results presented in this paper we expect that
. . a3k noncollinear spin calculations for alloys would smear out the
2 03| gﬁu st . HS to the LS transition over a small concentration interval.
s CTTITLLLL " However, we do not expect that this interval will be too
> g A wide, because the energy difference between the collinear
K 02 A and the noncollinear ground states in the fcc Fe is of the
= order of 10 meV/atom, and it is not supposed to increase
01t i greatly in alloys. On the other hand, the energy difference
between the collinear HS and LS states is an order of mag-
nitude higher and changes fast close to the concentration of
0.0 1 3k 1 the transition(see Fig. 5. Good agreement of our results
545 255 265 275 265 with experiment at lower Fe concentrations supports this ex-
R, (a.u.) pectation.

Concerning the Cu-rich fcc alloys, we remark that, in
agreement with our results, most calculations predict a non-
vanishing magnetic moments on the Fe and Co impurities in
Cu*2'which also agrees with experiment. However, in a
dilute alloy these moments could adopt random orientations
state goes over a series of different antiferromagnetiéesulting in a zero average magnetic monfér€learly, this
state"? In Fig. 13 we show our results for fcc Fe which Problem, as well as noncollinear spin structure of the Fe-rich
include several antiferromagnetic states with collingtk,  fcc alloys, require further investigations.
or 7/, state along(001) direction, T1|!, T77/]l], and
1111111 | states along the same directlpas well as with
noncollinear(the so-called R and X state$ spin orienta-
tions. With this, we do not have the intention to discuss A detailed theoretical study of magnetic properties of all
which spin configuration is the ground state for fcc Fe. Nev-binary 3d alloys containing the elements Fe, Co, Ni, and Cu
ertheless, our results agree well with earlier studies,, we  in three close-packed structures, fcc, hep, and bec, is pre-
find that the X state with local magnetic momentg  sented. The average magnetic moment is found to follow the
=0.98ug has the lowest energy among all the other state§o0-called Slater-Pauling curve when plotted as a function of
considered in the present study. This state is followed by thée filling of the alloyd band. For the Fe-based alloys in the
111 state at slightly expanded volumes. This configurationfcc and hcp structure a low-spin to high-spin magnetic tran-
has a very strong volume dependence of the local magneti@tion are found. They occur at a certairl dand filling
moments f increases from 0.53; atRys=2.54 a.u.to 2.4 independently with what element Fe is alloyed, and we note
g at Rys=2.755 a.u.). In addition we find that the state that in this interval of electron concentration, ferromagnetic
with a configuration] 71 | | has lower energy compared to alloys are known to exhibit Invar characteristics. The indi-
the state with a configuration] | | at even larger volumes, Vidual magnetic moments, on the other hand, depend much
but before fcc Fe becomes ferromagnetic. When this conmore weakly on the concentration, and the deviations from
figuration is stable, the local magnetic moments which ardhe rigid-band behavior show up strongly. Ordering of alloys
antiparallel to each other have the magnetic moment in general influence the magnetic moments only slightly. The
~2'3/“LB7 while those moments which have two para”e' local moments of Fe, CO, and Ni in a||OyS have been inves-
neighbors are about Qug larger. tigated by means of supercell calculations and we find that

However, the main point we would like to emphasize inthe Fe moment is mostly correlated with its chemical sur-
Fig. 13 is that taking noncollinear states into consideratiofounding, while the Ni moment depends more on the mag-
eliminates the two-minimum structure of the binding-energynetic surrounding. Finally, we present indications that the
curve for fcc Fe which is obtained in conventional ferromag-two-state model of Weiss, for explaining the Invar effect, is
netic calculation® and which looks similar to one presented likely to be wrong.
in Fig. 3(@). Instead, this curve becomes monotonous, as in-
dicated in Fig. 13. This effect will also take place in random
alloys, and has strong impact on the study of the Invar effect.
It shows that the two-state model of WeMswhich, at We are grateful to the Swedish Natural Science Research
present, is assumed in a number of models for the Inva€ouncil for financial support. The support by the Swedish
effec® and which is seemingly confirmed by a number of Materials Consortium #9 as well as the TMR network “In-
first-principles total-energy calculations for fcc Fe, orderedterface magnetism(Contract No. EMRX-CT96-0089s ac-
Fe;Ni structure and random fcc FeNi allofg>5-°919-21.2425  knowledged. Finally P.J. would like to express his gratitude
has no solid basis. Indeed, it is unlikely that the true totalto the Theoretical Division of Los Alamos National Labora-
energy curve of RgCoy, looks like the one in Fig. @), with  tory, where part of this work was performed, for great hos-
two distinct minima. We expect that the true total energy vspitality.

FIG. 13. Total energy of the fcc Heelative to the equilibrium
energy of the paramagnetic fcc gL as a function of Wigner-
Seitz radiusRyys for different collinear and noncollinear spin con-
figurations.
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