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The magnetic properties of disordered Fe-Co alloys have been investigated for both bcc and fcc
structures using the finite-temperature theory of local-environment effects. The calculated magneti-

zation, Curie temperature, effective Bohr magneton number, Weiss constant, and high-field suscep-

tibility are shown to explain the concentration dependence of the experimental data. It is found

that fcc Fe-Co alloys show ferromagnetic instability at 50 at. % Fe and form a spin-glass state after

the disappearance of ferromagnetism at c*=78at. %%uoFe . Thi s iscause db y th enonlinea rmagnetic

coupling between Fe local moments and the local-environment effect on the amplitudes of Fe local

moments. Strong local-environment effects around c are examined in detail with a prediction of
the internal-field distribution for ' Fe.

I. INTRODUCTION

The magnetism of 3d transition-metal alloys has been
an important problem for understanding itinerant-
electron magnetism. Much theoretical effort has been
spent on the ground-state properties, ' " in particular,
the Slater-Pauling curves. The coherent-poteritial ap-
proximation (CPA) was useful in explaining overall
features of the ground-state magnetism. Nowadays the
basic problems have been solved except for the competing
systems such as Fe-Ni and Ni-Mn alloys, in which it is in-
dispensable to determine the local-moment (LM)
configurations self-consistently.

On the other hand, the finite-temperature properties
contain a wealth of physics because of a variety of
thermal excitations, which are not yet understood on the
basis of the itinerant-electron model. The theoretical in-
vestigations have been made with the development of the
spin-fluctuation theories. ' Kakehashi' and Hasegawa'
extended to the alloy systems the single-site spin-
fluctuation theory developed by Cyrot, ' Hubbard, ' and
Hasegawa. ' They discussed the finite-temperature
magnetism of Fe-Ni and Fe-Cr alloys, respectively. Con-
centration dependence of the Curie temperatures (Tc )

and effective Bohr magneton numbers (rn, tr) have been
qualitatively explained. Strong disorder effects around
the critical concentration of the ferromagnetic instability
(e.g. , spin-glass state and broad distribution of internal
field), however, were not explained by the single-site
theory. We therefore developed the finite-temperature
theory of the local-environment effect (LEE) going
beyond the single-site theory. ' The theory self-
consistently takes into account the LM fiuctuations with
respect to the atomic configuration by combining the
method of the distribution function ' with the func-
tional integral technique. '

In a series of our systematic investigations of the
finite-temperature magnetism of 3d transition-metal al-
loys we have applied the theory to the Ni-Mn, ' Fe-
Ni, ' ' Fe-V, ' and Fe-Cr alloys. One of the exciting

features which we found is that the fcc Fe-Ni alloys show
the anomalous nonlinear magnetic couplings between the
nearest-neighbor (NN) Fe LM's; Fe LM's with large am-
plitude show the ferromagnetic couplings, while those
with small amplitude show the antiferromagnetic ones.
This behavior is characteristic of the systems in the inter-
mediate regime because it is seen in neither strong nor
weak magnet. The nonlinear behavior with the LEE on
the amplitude of the Fe LM explained the ferromagnetic
instability and the formation of the spin glass (SG) in Fe-
Ni alloys. We expect the same anomalies based on the
nonlinear magnetic couplings in other fcc Fe-base alloys.
In this paper we present the results of our theoretical in-
vestigations for the finite-temperature magnetism in the
bcc and fcc Fe-Co alloys.

Experimentally it is well known that the fcc Fe-Co al-
loys are not stable at low temperatures; the bcc lattice is
stable between 30 and 100 at. %%uoFe, an d th ehc p lattice
between 0 and 30 at. %%uoFe(Ref. 25). Nevertheles smuch
effort has been made to realize the fcc Fe-Co alloys, be-
cause they were expected to show anomalous magnetic
properties.

Fujimori and Saito stabilized the fcc structure by
adding Cr. They investigated the magnetic properties of
fcc (Fe,Co, , )s9Cr» (0.1 &c &0.45) alloys, and found
that the alloys show the Invar anomaly around c=40
at. % Fe. The magnetization curve shows a maximum at
c=40 at. % Fe. The critical concentration of the disap-
pearance of ferromagnetism (c*) was estimated to be 52
at. % Fe by extrapolating the magnetization versus con-
centration curve as well as the Curie temperature versus
concentration curve.

Nakamura et ar. investigated the magnetic proper-
ties of fcc Fe-Co particles precipitated in a Cu matrix.
They found that the magnetization shows a maximum
around 45 at. % Fe, and there exists a sharp change at 65
at. % Fe from the ferromagnetic state with large LM's to
antiferromagnetic state with small LM's, and both states
coexist around there. Recently Tsunoda studied the di-
lute fcc Fe,oo, Co„(x &4) alloys precipitated in Cu by
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using the neutron as well as x-ray diffraction. He found
the spin-density wave (SDW) propagating along the cubic
b axis with the wavelength of about ten times the lattice
spacing although the alloys show basically the first kind
antiferromagnetic structure with the wave vector
Q=(2m /a, 0,0), a being the lattice constant.

By comparing our theoretical results with the experi-
mental data mentioned above, we clarify the magnetic
properties of the fcc Fe-Co alloys. In the following sec-
tion we review the finite-temperature theory of LEE used
in our investigations. Section III consists of four subsec-
tions concerning the numerical results. We first present
the calculated magnetic phase diagram showing the
disappearance of the ferromagnetism and existence of SG
in the fcc structure. The mechanism of formation of the
SG is presented there. In Sec. III 8 calculated magneti-
zation versus concentration curves are discussed for both
bcc and fcc structures. The LEE are shown to play an
important role in explaining the anomalies around c'.
The temperature variation of LM s in various local envi-
ronments and the internal-field distribution functions for

Fe are presented in Sec. III C. In Sec. III 0 paramag-
netic susceptibility as well as high-field susceptibility are
compared with the experimental data. Our results are
summarized in Sec. IV with the emphasis on the
difference in magnetic properties between the bcc and fcc
Fe-Co alloys, and between the Fe-Co and Fe-Ni alloys.

II. METHOD OF CALCULATIONS

We explain in this section an outline of the finite-
ternperature theory of local-environment effect' used
in the present investigations.

We start from the degenerate-band Hubbard model
with Hund's rule coupling, and apply the two-field func-
tional integral method to take into account thermal
spin Auctuations within the static approximation. The
method transforms the interacting Hamiltonian into a
one-electron Harniltonian H0 with random exchange
fields {g;I acting on each site i Then th.e local moment
on site 0 ((mo ) ) is given by a classical average of the field
variable $0 with respect to the energy functional E(g)
which consists of the free energy for the one-electron
Hamiltonian H0 and the Gaussian terms concerning the
field variables.

Next we introduce into the diagonal part of Ho in E(g)
an effective medium {X I which describes the effects of
random potentials and the thermal spin fluctuations.
When we expand the remaining term in E(g) with
respect to the site, we take into account the single-site
terms g;E, (g) and pair terms g~;l~@;~(g;,gi), and neglect
higher-order terms. Here E;(g) is an energy functional
for the "impurity" on site i embedded in the effective
medium and @;.(g;, g' ) is the pair-energy functional be-
tween sites i and j [see Eq. (2.13) in Ref. 22]. Further-
more we only take into account the nearest-neighbor pair
interactions, and neglect those between more distant
atoms.

By making use of the decoupling approximation for the
surrounding field variables, which is correct up to the
second moment, and adopting the molecular field approx-

imation for the surrounding LM's we obtain an expres-
sion for (mo) as follows [see Eqs. (2.24) and (2.25) in
Ref. 22]:

(2.1)

'p(g') =&0(g)+ g @0;(g)—g @0";(g)
i&0

(m, )
(2.2)

Here y,. denotes the type of atom on a surrounding site i,
and /3 denotes the inverse temperature, z being the num-
ber of the nearest neighbors. (m;) in Eq. (2.2) is the
average LM on the neighboring site i. A single-site am-
plitude x, is defined by

f dt's'e

fdg. "'" (2.3)

The atomic and exchange pair-energy functional 4&0;(g)
and @0",(g) are defined by

4&0, (g)= —,
' g @0;(g,vx, ),

V=+

No";(g)= —
—,
' g v@0;(g,vx, ) .

'p —+

(2.4)

(2.5)

[&m &],
'

= Q I(n, z,p, )
n=0

X g g I(k, n, q + )
k =01=0

X 1 (i,z n, q + )—

(2.6)

[(m )],qa+=
2

1+ (2.7)

(2.8)

Equation (2.1) shows that the central LM in an
effective medium is determined by the surrounding atom-
ic and magnetic configurations {y; J and {( m; ) I via the
energy functional V(g). The LM's {(m;)J should be
determined in principle by solving coupled equations of
the type (2.1) obtained on each site.

In disordered alloys the random configuration of sur-
rounding atoms produces a local-moment distribution
g'"(m) at, the central site. Here a denotes the type of
atom at the central site. Since the same distribution is ex-
pected for the surrounding LM's {( m; ) I, we obtain an
integral equation for g'"(m) via Eq. (2.1) [see Eq. (2.26)
in Ref. 22]. Further approximations lead to the self-
consistent equations for the average LM of the atom a
([(m ) ], ) and the configurational average of the square
of the LM ([(m ) ],):
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p .k(~&~e
P ank1 (g) =

ankl

0' „kl(g)=E (g)+nb (g)+(z —n)C& (g)

[(m )2]1/2—(2k n)—4&' ~( g )
X~

[(m )2]1/2—(21 —z+n )@'"(g)

(2.9)

(2.10)

Energy functional 4 „kl(g) in Eq. (2.10) can be calcu-
lated when the eff'ective medium X is given. The latter
is obtained by solving the equation for the coherent-
potential approximation under given [(m ) ], and
[(m ) ],. Thus the magnetic state is determined by
solving both Eq. (2.6) and CPA equation self-consistently.
Note that present theory takes into account a large num-
ber of surrounding atomic and magnetic configurations
(2'X2'= 16771 216 for the fcc lattice) in a self-consistent
way.

The average amplitude of LM is calculated from the
following formula [see Eq. (3.22) in Ref. 29]:

Here ( ) ( [ ], ) denotes the thermal (configurational)
average. The site indices i in x; and energy functionals
have been replaced by the type of atom on site i.
1 (n, z,p, ) in Eq. (2.6) is the binomial distribution func-
tion associated with the NN atomic configuration, which
is defined by [z!/n!(z n)—!](p, )"(1—p, )' ". Here p,
is the probability of finding an atom a at a neighboring
site of an atom a, and is given in terms of Cowley's atom-
ic short-range order parameter r as p, =c +(1—c H.,
c being the concentration of atom a.

The binomial distribution functions I ( k, n, q + ) and
I (l,z n, q + ) —in Eq. (2.6) express the fictitious-spin
configurations under a given atomic configuration. Here
q + defined by Eq. (2.7) is the probability that the ficti-
tious spin on atom a with magnitude [(m ) ],'/ is in the
up direction. (g )„ki is the LM of an atom of type a at
the central site when k of the fictitious spins among the
surrounding n atoms of type a point up, and ( spins of the
remaining z —n atoms of type c7 also point up.

[(m )],=3n —
,', n + —[(g)],—10

(2.1 1)

Z

[&g' &],= g I (n, z,p, )
n=0

X g g I(k, n, q +)
k =01=0

XI (l,z n, q—+ )(g )„kl,

(g )„„,= J g p „,(g)dg .

(2.12)

(2.13)

Here n denotes the d electron number for the atom a
and J is an effective exchange energy parameter for
atom a. The distribution of the LM on atom a and the
internal-field distribution affecting the nucleus of atom u
are obtained from the following expressions (see Appen-
dix in Ref. 21):

g~."(M)
P (H)

t (M —&g.)„„,)
1-(n,z,p ) g g I(k, n, c! +)1((,z

n=0 k =01=0
(2.14)

Here

(g )„kl+(2k —1)b [&m &'],'"
+(21—z+n)b [(m )2],'/2 . (2.15)

III. NUMERICAL RESULTS

A. Magnetic phase diagram

The numerical calculations have been performed by us-

ing the following set of input parameters:

We have assumed here a phenomenological expression
for the internal field acting on atom i,

z.
H, =a, &m, )+g b,, (m, &, (2.16)

j=1
where (mj ) is a local moment at the neighboring site j.
Recently Ebert et a/. ' have, shown that the contribution
to the Fermi contact hyperfine field due to core polariza-
tion is described by the first term at the right-hand side of
Eq. (2.16), while the result for the contribution of the
conduction band suggests that one needs the second
terms in the phenomenological expression (2.16).

nF =7.0, WF, =0.450 Ry, JF =0.070 Ry,

nco 8 0 Wco 0 441 Ry~ Jco 0'105 Ry

Here n, W, and J are the d electron number, d-band
width, and effective exchange energy parameter, respec-
tively. These parameters lead to the observed magnetiza-
tions 2.216p~ (Ref. 32) for the bcc Fe and 1.741M21 (Ref.
33) for fcc Co at T =0. In the calculation for the fcc al-
loys we adopted n„,=7.05, which was found to give
better critical concentration of the ferromagnetic instabil-
ity in Fe-Ni alloys. The model densities of states for
noninteracting systems used in the present calculations
are the same as in Fe-Ni alloys. In the following we as-
sume that the alloys show a complete disorder (i.e., r =0).

Although the present theory is based on a pair approxi-
mation the calculated local densities of states (LDOS) at
low temperatures reproduce well those calculated by us-
ing the cluster CPA method at T=O (Ref. 6) as shown in
Fig. 1. This agreement has also been found in Fe-V (Ref.
21) and Fe-Ni alloys, establishing the validity of the
present theory in the concentrated alloys.

A magnetic phase diagram for Fe-Co alloys is given in
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FIG. 1. Average local densities of states at T= 150 K for the
bcc Fep 5Cop 5 alloy in various environments. Here and in the
following figures the local environments are specified by the
number of Fe nearest neighbors (n). The insets show the
ground-state results based on the cluster CPA (Ref. 6).

Fig. 2. The calculated Curie temperature for fcc Co is
3160 K, which is twice as large as the observed value
(1400 K). This is partly due to the single-site approxima-
tion for the thermal average, which completely neglects
the magnetic short-range order, and partly due to the
choice of the parameter Jc,. Note that we chose Jc, so
that the calculated ground-state magnetization agrees
with the observed one (1.74pz). The orbital contribu-
tion to the ground-state magnetization is very large in the
case of Co (=0.14 pz). Calculated Tc becomes 2500 K if
we choose Jc, so as to reproduce the spin contribution
(1.60'~) (Ref. 34) at T=0.

Curie temperatures in the bcc lattice decrease as Fe
concentration increases, those in the fcc decrease more
rapidly with increasing Fe concentration. This trend is
consistent with the experimental data shown in the inset
of Fig. 2. We found that the ferromagnetisrn disappears
at c'=78 at. % Fe. This value of c is in good agree-
ment with that expected from the experimental inverse
susceptibilities at high temperatures (see Sec. III D). The
extrapolated value of c' in the fcc (Fe,Co, ,)89Cr„al-
loys is 52 at. % Fe (Ref. 26). The critical concentration
for the fcc Fe-Co alloy particles precipitated in a Cu ma-
trix is reported to be c*=90 at. %%uoFe(Ref. 27). Theoret-

0 '

f.e 0.8 0.6 O.4

Concentration
P.2 Co

QoCo

4 y'
~i

C,oFe

0.8 0.6 0.4 0.2 Co

Concent rat ion
FIG. 3. Effective exchange pair interactions cP ~ for bcc

(dotted-dashed curves) and fcc (solid curves) structures at 150
K.

FIG. 2. Calculated magnetic phase diagram for the bcc
(dashed curve) and fcc (solid curves) Fe-Co alleys showing the
ferromagnetic (F), paramagnetic (P), and spin-glass (SG) states.
The inset shows the experimental result (Ref. 37), in which the
extrapolated Curie temperatures in the bcc structure are shown

by the dashed curve.

ical value is between the two.
The calculated SG temperatures (-500 K) are certain-

ly overestimated because of the neglect of the frustration
e8'ect of spins on the fcc lattice. We expect that the real
T are less than 100 K, assuming that the reduction of Tg
is the same as in Fe-Ni alloys.

The origin of the SG is the same as in Fe-Ni alloys. In
Fig. 3 we show the efFective exchange coupling 8 r be-
tween the NN LM's u and y with average amplitudes.
The coupling 8z,z, in the fcc lattice changes the sign at
55 at. % Fe with increasing Fe concentration, and be-
comes approximately zero in the SG regime. Other cou-
plings chic,c, and 8c,„,are positive. Thus the formation
of the SG solution is not explained by a simple localized
model. In Fig. 4 we present the atomic and exchange
pair-energy functionals 4&,r(g) and +PAL(g) (y=Fe or
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Co), which means the pair-energy gain of a Aexible cen-
tral Fe LM g when the neighboring LM with the ampli-
tude x points up [see Eq. (2.2)]. The exchange energy
functional 4&F",„,(g) shows and S-shaped curve as seen in
Fe-Ni alloys. This means that the Fe LM's with the am-
plitude (( g ) '~

) less (more) than about 1.7p~ couple an-

tiferromagnetically (ferromagnetically) to the neighboring
Fe LM. Since various atomic configurations on the sur-
rounding sites produce the various amplitudes of Fe
LM's via the atomic pair-energy functionals @ (g), the
ferro- and antiferrornagnetic couplings between Fe LM's
appear in the disordered alloys. This produces the SG
solution.

We have not yet investigated the stability of the anti-
ferromagnetic state because of laborious calculations. It
is probable that a long-range magnetic order with type-I
antiferromagnetism becomes more stable than the SG
when the Fe concentration is increased further after
disappearance of ferromagnetism. In particular, the

dumping effect on the magnitude of pair interactions
with increasing atomic distance becomes less important.
A long-range interaction, which we did not take into ac-
count in the present calculations, is then expected to de-

velop at more than 90 at. % Fe. It is important for un-

derstanding the SDW in dilute Fe,Co, , (c)0.95) al-

loys.

B. Magnetic moments and ferromagnetic instability

The ground-state magnetization of the bcc Fe-Co al-
loys is well known to show the maximum at 30 at. % Co,
and then decrease as the Co concentration increases.
This behavior has been explained by using the rigid band
model, ' ' CPA, and superlattice approach. " Present
results shown in Fig. 5 explain the experimental data.
The maximum is well known to be explained by the rapid
increase of Fe LM's due to a band filling of up-spin elec-
trons and the saturation at about 40 at. % Co.

Concentration

FIG. 5. Concentration dependence of various local moments
(LM) for the bcc structure at T= 150 K. . . . ., magnetization.

[(m )],. ———,[(m )],' . Experimental data of
the ground-state magnetization are shown by 0 (Ref. 38) and ~
(Ref. 39). Experimental [(m )], are shown by (a=Pe) and
~ (a=Co) (Ref. 40).

The amplitude of LM's ([(m ) ],' ) is about 1.5 times
as large as the local magnetization [(m )], because of
the quantum effect as shown in Fig. 5, but the concentra-
tion dependence is similar to [(m )], since there is no
directional spin disorder.

The LM's in various environments on the bcc lattice
are shown in Fig. 6. The calculated results, which are in
good agreement with the previous results based on the
cluster CPA, show considerable LEE on the Fe LM be-
cause of the existence of holes in the up-spin band, and
small change of the Co LM due to the strong ferromagne-
tism.

New results obtained here are the behavior in the re-
gime cF, & 30 at. % Fe and the LEE on the amplitudes of
the LM's. The latter shows large amplitude Auctuations
in Fe LM's. In the former we find that the LEE on the
Fe LM again becomes large at cF, & 20 at. % Fe. This is
related to the antiferromagnetic coupling 8„,„,in the re-
gime c„,(30 at. % Fe (see Fig. 3). It is worthwhile to
point out that the strong LEE such as the reversal of Fe
LM is not seen in the bcc alloys. This is the reason the
superlattice approach, " in which the alloys are simulated
by a superlattice with the same composition, has been
successful in reproducing the bulk magnetizations in the
bcc Fe-Co alloys.

The fcc Fe-Co alloys, on the other hand, show anoma-
lous concentration dependence of magnetization as
shown in Fig. 7. The magnetization curve shows the fer-
rornagnetic instability at about 50 at. % Fe. This insta-
bility is a feature inherent in the close-packed Fe alloys as
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FIG. 9. Distribution functions for Fe (solid curves) and Co
(dotted curves) LM's in the fcc Fe,Co&, alloys at T=150 K.
The upper (lower) scale of M is for Co (Fe) LM's.

C. Temperature variation of local magnetic moments

The magnetization versus temperature curves are
presented in Fig. 10. It is seen that the curves at 60 at. /o

Fe in the fcc structure deviate downwards from the Bril-
louin curve. This is understood as the effect of the ran-

creases with increasing Fe concentration. In particular,
when the amplitudes of Fe LM's with eight Fe NN's be-
come smaller than about 2p~, the Fe LM.'s become unsta-
ble because of the nonlinear coupling @F",F,(g). Feedback
of the new configuration to the effective medium drives
the rapid decrease of the magnetization, leading to the
disappearance of the ferromagnetism at about c*=78
at. %%uoFe . Th eSGstat eappear safte r th edisappearance
since the instability of the ferromagnetism is accom-
panied by the competition of the ferro- and antiferromag-
netic couplings between Fe LM's. (Note that [(m ) j,'~
remains nonzero at c )c * in Fig. 7.)

The LM distribution functions are given in Fig. 9 as a
function of Fe concentration. As the magnetization de-
creases near the critical concentration c* a peak at
M = —1.2@~ develops first in g F,'(M), and later a peak at
M = —1.3pz appears in g& '(M). This behavior implies
that the ferromagnetic instability is driven by the antifer-
romagnetic couplings between Fe LM's. The distribution
gc,'(M) at c„,=0.8 has double peaks at M=+1.3ps
since Co atoms have well-defined LM's. This is qualita-
tively different from gN (M) in Fe-Ni alloys which
shows a single peak around I=0 near c*.

domness and the characteristics of the temperature-
induced weak ferromagnetism. In the present case the
former origin should be dominant because the Fe and Co
LM's in Fe-Co alloys show more localized character than
in the Fe-Ni alloys. '

Figure 11 shows a typical example of the temperature
variations of the LM's in various local environments near
c*. The Fe atoms with about eight Fe NN's rapidly lose
their average LM's because of the weak local molecular
fields caused by surrounding Fe and Co LM's. The rever-
sal of Fe LM's with increasing temperature which was
found in Fe-Ni alloys' is not seen in the present case.
This is because the amplitudes of Fe LM's are not so

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~ ~ ~ ~ ~ 12~ ~
~ 0 ~ ~ ~ 0 ~ 0 ~ + ~ Q 0 ~ ~~ ~ ~ ~ ~ ~ ~ ~ ~ ~

6
~ ~ ~ ~ ~ ~ ~ ~

~ ~~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 0 ~ ~ 0
~ 0 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

~ ~ ~ ~ 0 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~

~0.6 Coo.~
I

20001000

T (K)
FIG. 11. Temperature dependence of the average LM

([/m )„],) aud amplitudes ([(m' )„],) for Fe (solid curves)
and Co (dotted curves) atoms in various environments on the
fcc lattice.
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strongly reduced with increasing temperature, so that the
nonlinear coupling between Fe LM's does not change the
sign.

The temperature variations of the distribution func-
tions for the fcc structure are shown in Fig. 12 for 70
at. % Fe. In the fcc structure the average Fe LM
[(m„,) ], is only 0.75@~ at 0.31Tc, but g'„", (M) shows a
broad distribution. The latter shrinks gradually with in-
creasing temperature and merges into a central peak at
M =0 above Tz. On the other hand, the Co LM's at
T=0.31T~ show a single peak at M=1.5p~, indicating
the strong ferromagnetic character. But, at higher tem-
peratures the Co LM's also show a broad distribution.
This is difFerent from the behavior of Ni LM s in Fe-Ni
alloys, in which Ni LM's are hardly influenced by the lo-
cal environment at finite temperatures.

A LM distribution leads to an internal-field distribu-
tion P (H) according to Eq. (2.16). Theoretical PF, (H)
are presented for 60 and 70 at. % Fe in Fig. 13. The dis-
tributions have two well-defined peaks corresponding to
parallel and antiparallel Fe LM's at low temperatures.
This trend is seen in the Mossbauer experiment by
Nakamura et a/. When the temperature is elevated the
valley between the two peaks is filled up by the Fe LM's
with eight and nine NN Fe LM's. Single-peak structure
of the distribution appears above T, =0.65T&. Note that
this value is smaller than T, =0.90TC in Feo6Nio4 al-
loys.

8TC (0.8eTC}

0.84TC( -7 TC

~ H

~ ~ t

0.63Tg (0.627' )

0-4»C (0»TC

0.21 Tc (0.1STC;)

0 1 2 3

H (units ot pa)

FIG. 13. Temperature variation of the calculated internal-
6eld distribution functions in units of aF, = 1 for Fe at 60 at. %
Fe (solid curves) and 70 at. % Fe (dotted curves). The tempera-
tures in the parentheses are for 70 at. % Fe alloys. The parame-
ters bF,F, /aF, =bF,C, /aF, =0.06 which have been used in Fe-Ni
alloys are adopted (Ref. 20).
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FIG. 12. Temperature variation of the distribution functions
for Fe (solid curves with the lower scale for M) and Co (dotted
curves with the upper scale for M) LM's in the fcc Feo 7COQ 3 al-
loys.

The paramagnetic susceptibilities in the fcc lattice are
directly compared with the experimental data at high
temperatures. Calculated results are shown in Fig. 14.
The susceptibilities show a cusp at T and follow the
Curie-Weiss law at high temperatures. Calculated
efFective Bohr magneton number (m, fr) and the Weiss
constant (e~) are compared with the experimental data
in Fig. 15. The Weiss constants in the fcc structure de-
crease with increasing Fe concentration and change the
sign at 75 at. % Fe. This value is in good agreement with
the experimental value 70 at. %%uoFe . Th ecalculated
erat'ective Bohr magneton numbers also qualitatively agree
with the experimental results. The increase of m, z in the
fcc structure is due to the gradual change from the strong
to the weak ferromagnetism with increasing Fe concen-
tration.

Concentration dependences of high-field spin suscepti-
bilities at low temperatures are given in Fig. 16. Calcu-
lated susceptibilities y in the bcc explain qualitatively the
concentration dependence of the experimental data.
Enhancement of y in the Fe-rich region is due to the for-
mation of holes in the up-spin band. Experimentally the
susceptibility in the bcc structure shows a sharp max-
imum at 86 at. % Fe at room temperatures. This is not
explained by the present theory. It might be attributed to
the details of the DOS or the dynamical spin Auctuations.
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FIG. 14. Paramagnetic inverse spin susceptibility vs temper-
ature curves for the fcc Fe,Co&, alloys.

FIG. 16. High-field spin susceptibilities at T=150 K for the
bcc (solid curve) and fcc (dotted-dashed curve) structures. Ex-
perimental data at 4.2 K in the bcc structure are shown by open
squares (Ref. 46).

IV. SUMMARY AND DISCUSSION

We have investigated the magnetic properties of Fe-Co
alloys at finite temperatures by using the finite-

2000

4 )
~oooo

-1000

-2000

Fe 0.8 0.6 0.4

Concentration

0.2 Co

FIG. 15~ Concentration dependence of the effective Bohr
magneton number m, s [dotted (bcc) and dashed (fcc) curves]
and the Weiss constant [dotted-dashed (bcc) and solid (fcc)
curves]. Open (solid) triangles and circles show the experimen-
tal m, & and Weiss constants, respectively, for the fcc (Ref. 44)
(bcc) (Ref. 45) structures.

On the other hand, the susceptibility for the fcc structure
diverges at c*. The magnitude in the regime between 50
and 100 at. % Fe is much larger than that in the bcc
structure because of the reversal of Fe LM's in the ap-
plied magnetic field.

temperature theory of LEE. Concentration dependence
of the magnetization, Curie temperature, effective Bohr
rnagneton number, and Weiss constant has been ex-
plained qualitatively or serniquantitatively.

The bcc Fe-Co alloys show no strong magnetic distur-
bance because all the magnetic couplings between constit-
uent atoms are ferromagnetic. The alloying effects under
given ferromagnetic arrangement are basically explained
by the CPA or superlattice approach. The LEE on the
LM's simply produces a width around the average LM's.
The width for Fe LM's is larger than that for Co LM's
because of the existence of holes in the up-spin band for
Fe.

On the other hand, Fe LM's in the fcc lattice have the
nonlinear couplings as seen in Fe-Ni. Therefore the fcc
Fe-Co alloys show the strong disorder effects due to LEE
on the amplitude of Fe LM's in the Fe-rich region. In
this case the self-consistent determination of the LM
configuration is essential for the description of the
magnetism. The calculated magnetic phase diagram
shows the disappearance of the ferromagnetism at 78
at. % Fe. We predict the SG state after disappearance of
the ferromagnetism. The transition temperatures T are
expected to be less than 100 K.

Although the mechanism of ferromagnetic instability
and SG in the fcc Fe-Co alloys is the same as in the fcc
Fe-Ni alloys, we found some characteristics of Fe-Co al-
loys. (1) The magnetization versus concentration curve
decreases less rapidly after occurrence of the ferromag-
netic instability. (2) The critical concentration c* where
Tc =0 shifts to the y-Fe side by about. 10 at. % as corn-
pared with that in Fe-Ni alloys. (3) The Co LM's also
show a broad distribution near c*. (4) The internal-field
distribution PF, (H) around 65 at. %%uoFeshow s aclear
two-peak structure at low temperatures, but changes to a
single-peak structure above 0.65TC which is lower than
0.90T& in Fe-Ni alloys. These differences are mainly ex-
plained by the fact that Co LM's are more localized than
Ni LM's.

Apparently many of our conclusions for the fcc Fe-Co
alloys have not yet been verified experimentally. In par-
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ticular the magnetic phase diagram in the regime
60 (c (90 at. % Fe is not well known. According to the
recent phase diagram for dilute fcc Fe,Coi, (c )0.95)
particles precipitated in Cu, the SDW with a basic
structure of type-I antiferromagnetism is expected to
disappear around 92 at. % Fe. It has not yet been
clarified whether or not the SG appears between 92 at. %
Fe and c*. The second point to be clarified is that our
theory predicts a rapid but smooth magnetization versus
concentration curve, while the experimental data of the
fcc Fe-Co particles suggest a sudden change from the
ferro- to antiferromagnetism at 65 at. %%uoFe . It shoul dbe

examined whether the latter is intrinsic to the bulk fcc
Fe-Co alloys with no atomic short-range order. We hope
that novel experimental techniques will solve these prob-
lems stabilizing the fcc Fe-Co alloys.
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