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Magnetism in amorphous transition metals
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Overall features of magnetism in amorphous transition metals have been investigated on the basis
of a finite-temperature theory of the local-environment effect. It is shown that the simple fer-
romagnetism of Fe, Co, and Ni is drastically changed by structural disorder; amorphous transition
metals form spin glasses (SG's) for compositions near amorphous Fe (6.7 (N ~ 7.35), ferromagnets
for compositions near amorphous Co (7.35 (N &9.0), and paramagnetisms for compositions near
amorphous Ni (9.0&N(10.0) where N is the number of d electrons. The SG is accompanied by
formation of local ferromagnetic clusters for N ~ 7.2, and shows reentrant behavior at the ferromag-
netic boundary A =7.35. The ferromagnetism in amorphous transition metals is shown to be well

explained by the main-peak position in the noninteracting densities of states. It is found that
structural disorder enhances the Curie temperatures (Tc) in the range 7.9~N(8. 5 as compared
with bcc and fcc structures. These results explain recent experimental data for the SG in Fe-rich
amorphous alloys and the high T& in amorphous Co-Y alloys, but they are quite different from the
early picture obtained for amorphous transition-metal —metalloid alloys.

I. INTRODUCTION

Magnetism in amorphous transition-metal alloys has
been extensively investigated from both fundamental and
technological points of view. ' The most essential ques-
tion from a fundamental viewpoint is whether or not
structural disorder leads to a different type of magnetism
in transition metals.

Early systematic investigations concerning this prob-
lem have been performed with use of amorphous
transition-metal alloys containing considerable amount of
metalloids, such as 8 and P. A typical example of Curie
temperatures obtained by Mizoguchi is shown in Fig. 1.
The Curie temperatures are in general reduced equally by
about a factor of 2 as compared with those in the crystal-
line alloys. The same trend is seen also in the
magnetization-versus-concentration curves. These results
were thought to reveal that the effect of structural disor-
der is a uniform reduction of ferromagnetism, and that
the amorphous systems do not show magnetism charac-
teristic of the structure.

With recent developments of amorphous transition-
metal alloys with compositions close to those of pure met-
als, the picture of magnetism in amorphous alloys has
changed. When Saito et al. and Coey et al. investigat-
ed Fe-rich amorphous Fe,Zr, , (0.40(c (0.93) alloys,
they found that amorphous Fe-Zr alloys form spin glasses
(SG's) with high transition temperature (120 K) beyond
92 at. %%uoFeafte rdisappearanc eof th e ferromagnetism.
A similar behavior has been found by Wakabayashi
et al. in amorphous Fe-La alloys. Fukamichi et al.
performed systematic investigations on amorphous
Fe,M&, (M =Y, Zr, La, Ce, and Lu) alloys. They
showed that these alloys have the same spin-glass temper-
ature T irrespective of the second elements M beyond 90
at. %%uoFe(seeFig . 2). Thi s implie s tha t th eSG' s foralloys
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FIG. 1. Curie temperature (T&) vs d-electron number (N)
curves in amorphous transition-metal —metalloid alloys ( T-

M)80BioP&0 (solid curves) and crystalline transition-metal alloys
T-M dotted curves (Ref. 2).

with 90 at %%uo Fe or more are caused not by
configurational disorder, but rather by structural disor-
der, suggesting that introduction of structural order
causes amorphous pure iron to make the magnetic phase
transition from a ferromagnet to a SG.

An unusual change in magnetism has also been found
by Fukamichi, Goto, and Mizutani in the amorphous
Co, Y, , (0.6(c (0.9) alloys. They found that the Cu-
rie temperature (Tc ) in amorphous structure are higher
than in crystalline ones by as much as several hundred
kelvins, as shown in Fig. 3. Extrapolating their data to
the amorphous pure Co, they speculated that the Curie
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temperature of amorphous pure Co can be as high as
1850 K, which is 450 K higher than that of the fcc Co.

The recent experimental results mentioned above sug-
gest that structural disorder drastically changes the na-
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FIG. 2. Magnetic phase diagram showing the Curie tempera-
tures (solid curves) and the spin-glass temperatures (dotted
curves) in amorphous Fe,M&, alloys (M =La, Zr, Ce, Lu, and
Y) (Ref. 3).

ture of magnetism in transition-metal alloys, in contrad-
iction to the early picture as shown in Fig. 1. In the
present paper, we clarify this problem from the theoreti-
cal point of view, and give a physical picture for a magne-
tism in amorphous transition metals by making use of a
finite-temperature theory of local-environment effects
(LEE's).

Theoretical investigations for the itinerant-electron
magnetism in amorphous alloys have not been made thus
far, except for a few calculations for the ground state. ' '"
This is because a ground-state band theory, which self-
consistently treated the local-moment (LM) configuration
in the amorphous structure was lacking. In particular, it
was impossible even at T =0 to examine the SG as found
in Fe-rich amorphous alloys. Moreover, no theory that
treats the finite-temperature magnetism of amorphous
transition metals and alloys has hitherto been developed.
The simple Stoner theory does not lead to a reasonable
T&, Curie-Weiss law in the susceptibility, and anomalous-
ly large specific heat at Tz in transition metals and alloys
because of the lack of thermal spin fluctuations. In order
to remove these difhculties, we have recently proposed a
finite-temperature theory of LEE's for amorphous and
liquid magnetic alloys. The theory self-consistently
determines the LM distribution in amorphous systems by
means of the distribution-function method developed by
Matsubara and Katsura. ' ' The thermal spin Auctua-
tions are taken into account by making use of the
functional-integral method developed by Cyrot, ' Hub-
bard, ' and Hasegawa. ' In Sec. II, we brieAy review our
theory of LEE's. (See Ref. 9 for details of the theory. )

The present work is a systematic investigation from the
theoretical side, which throws light on metallic magne-
tism in the presence of structural disorder. We present
the numerical results in Sec. III. In Sec. IIIA, we will
examine overall features of the magnetism in amorphous
transition metals as a function of the d-electron number
X, and demonstrate that the main-peak position in the
noninteracting densities of states (DOS) plays an impor-
tant role in determining the basic properties of fer-
romagnetism in amorphous alloys. In Sec. III B, we in-
vestigate the SG for compositions near amorphous Fe. A
part of this subsection has been published in previous pa-
pers. ' An additional feature that we found is a cluster
SG between the SG and ferromagnetic states. The
magnetism of amorphous Co and Ni is presented in Sec.
III C. The enhancement of T& in amorphous Co is ex-
plained by the magnetic-energy gain associated with the
main peak near the Fermi level in the noninteracting
DOS. In the final section, Sec. IV, we summarize our re-
sults and discuss the magnetism of amorphous
transition-metal alloys containing metalloids, as shown in
Fig. 1, on the basis of our picture for amorphous pure
transition metals.

1.0 0.8 0.6 II. FINITE- TEMPERATURE THEORY OF LEE'S
Concentrat ion

FIG. 3. Curie temperatures in crystalline (solid circles) and
amorphous (open circles) Co, Y, , alloys (Ref. 8). Dotted line
is an extrapolation to the amorphous pure Co.

The magnetism in transition metals is well described by
the degenerate-band Hubbard model with Hund's-rule
coupling. We adopt this model and make use of the
functional-integral method to take into account thermal
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spin fluctuations. ' In this method, the interacting Hub-
bard Hamiltonian is transformed into a one-electron
Hamiltonian with time-dependent random exchange
fields acting on each site. Within the static approxima-
tion in which the time dependence of the field variables is
neglected, the central local moment is expressed as a clas-
sical average of the field variable g on the same site with
respect to a free-energy functional.

Next, we introduce an effective medium X describ-
ing the thermal spin fluctuations into the diagonal part of
the one-electron Hamiltonian, and expand the deviation
from the effective medium in the energy functional with
respect to the site. After making use of a molecular-field

I

type of approximation for the surrounding field variables,
we obtain an expression for the thermal average of the
central local moment:

fdic

pe t (&)

dg e
—PP(g)

(2.1)

Here P denotes the inverse temperature.
The energy functional 4'(g) in Eq. (2.1) consists of the

single-site energy E(g), the atomic pair energies (I)0'j'(g),
and the exchange pair energies C)0('.)(g) in the effective
medium.

qI(g)=E(g)+ g @()",(g) —@0",(g)
j=1 J

E(g)= f do) f(co)—Imp ln[L '(g) —X '+F00' ] Nw0(g—)+4Jg
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(2.2)

(2.3)

(2.4)

(2.5)

L '(g) —X
t,.( )=

1+(L '(g) —X ')Fjj
(2.6)

F," =[(X ' —t) '],", (2.8)

where t denotes the transfer integral matrix t,- .
In the present theory, the diagonal coherent Green's

functions on the NN shell are approximated by the
structural average:

[F. ],=F =f, dE.[p(E) 1,
(2.9)

Here, [ ], means the structural average, and p(c) is the
densities of states for noninteracting electrons in amor-

Here the summation on the right-hand side (RHS) of Eq.
(2.2) is taken over z atoms on the well-defined nearest-
neighbor (NN) shell. We have neglected the couplings
between more distant atoms because of the rapid dump-
ing in the disordered systems with increasing interatomic
distance. ' (m ) and x are the thermal average and am-
plitude of LM on the neighboring site j. f (to) in Eqs.
(2.3) and (2.5) denotes the Fermi distribution function.
D, N, and J are the number of orbital degeneracy (D =5),
d-electron number, and the effective exchange-energy pa-
rameter, respectively. The charge potential w (g) in Eq.
(2.3) is determined from the charge-neutrality condition
on each site j. The locator for 0. spin electrons, L, in
Eqs. (2.3) and (2.6) is defined by

Lj '(g) to+=i5 E —wj(g—)+ ) Jg(r+p, (2.7)

where c —p is the atomic level measured from the chem-
ical potential p, 5 being an infinitesimal positive number.

The structural disorder appears in Eqs. (2.3) and (2.5)
via the coherent Green's function, defined by

phous metals.
The coherent Green's functions FOO and FOj ( =Fj0 )

are obtained by making use of the Bethe approximation.

2
ti.o

(2.10)

to
Ojo +—i + 00a (2.11)

Z

g(M)= f 5(M —(mo) ) g [p, (yj. )dyjg(mj)dmj] .
j=1

(2.12)

By making use of the decoupling approximation on the
RHS of Eq. (2.12), we obtain the self-consistent equations
for [(m ) ], and [(m ) ],:

Here the self-energy 4 describes an effective medium
due to the structural disorder.

Equation (2.1) manifests that the central LM is deter-
mined by the surrounding LM's I (m. ) ] and the squares
of the transfer integrals [tj0]. These quantities have the
distributions g((mj)) and p, (yj) in the amorphous sys-
tems, where y =t2 0

—[t2 0],. The distribution of the
central LM is then obtained from g ( ( m ) ) and p, (yj ) via
Eq. (2.1). Since it is identical with the surrounding ones,
we obtain an integral equation for the distribution func-
tion as follows:
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[(m)], = g I (n, z, —,') g g l (k, n, q)I (l, z —n, q)X '( )s n=O k=0 I=0 nkl

f dg. ge
nkl

& k&nkl =
pqr 1pnkl

(2.13)

(2.14)

[ ( )2]1/2
1Il„kl(g) =E„(g)+n@"„(g)+(z—n)@'+'„(g)—[(2k n)@"—„(g)+(2I—z +n)@+'„(g)] (2.15)

[(m &],

( )2 1/2 (2.16)

(2.17)

In the present approximation, the atomic local environment is described by a contraction or a stretch of the NN
atomic distance by [(5R ) ],'/ on the NN shell. Both atomic and spin configurations are expressed by the binomial dis-
tribution function I (k, n, q) defined by [n!/k!(n —k)!]q (1—q)" ". Thus the LM (g)„kl and energy +„kl(g) are
specified by n (the number of contracted atoms on the NN shell), k (the number of up spins on the contracted atoms),
and l (the number of up spins on the z ns—treched atoms). The associated energy functionals E„(g) and N'+'„(g)
[N"„(g)] in Eq. (2.15) mean the single-site energy and the atomic pair energy for the contracted (stretched) pair in the
local environment n. The exchange pair energies @1+„'(g)are defined in the same way.

The energy functionals kp„k&(g) contain unknown parameters of the eff'ective media 4 and X . The former is deter-
mined so that the structural average of Foo [Eq. (2.10)] is equal to the exact one [Eq. (2.9)]:

(gr2 )2 1/2

g —,'[X.-' —z[r,', ], 1+v ', ' (~.-' —g.)-']-'=F. .

Here the average transfer integral [r o], is obtained from
the input DOS as follows:

z[t jo],= f (s Eo) [—P( )e],d E. (2.18)

The ratio [(5tjo) ],' /[tjo], is related with the fluctua-
tion of the NN atomic distance as follows:

tions, we adopted [(M ) ]',/[R], =0.06, which is con-
sistent with those estimated from the width of the first
peak in the theoretical and experimental pair-
distribution functions for amorphous Fe.

III. NUMERICAL RESULTS

[ ( gR )2]1/2

[(tir2 )2]1/2/[r2 ] 2KjO s jO s (2.19)
A. Systematic variations in the magnetic moments

and Curie temperatures

Here, t(R) ~R '(with K=3.8) is assumed. '
The effective medium X is determined from the

coherent-potential approximation (CPA) condition,

(
g2 ]1/2

'+F. '] -'=F-. . -
(2.20)

Since [(g)], and [(g )], in Eq. (2.20) includes again
[(m ) ], and [(m ) ], via Eqs. (2.15) and (2.16), one has
to solve Eqs. (2.13), (2.17), and (2.20) self-consistently to
obtain [(m ) ]„[(m) ]„4,and X

Apparently, the theory describes itinerant-electron
SG's ([(I ) ],=0 and [(m ) ],%0). The transition tem-
perature T has been shown to reduce to the well-known
formula T =&z

~

lj1~ in the LM limit and the +8 mod-
el. ' Here, ljl denotes the exchange coupling constant
between the LM's.

The input parameters are the d-electron number X, the
effective exchange-energy parameter J, the DOS [p(e)]„
and the Auctuation in the interatomic distance
[(5R ) ]',/[R ],. ln the following numerical calcula-

The first step to achieve an understanding of magne-
tism in amorphous metals is to examine the electronic
structure. We show, in Fig. 4, the input DOS [p(e)], for
amorphous Fe, bcc Fe, and fcc Fe. An important
feature of the amorphous Fe DOS is that the main peak
near the top of the d band lies just between those of the
bcc Fe DOS and the fcc Fe DOS. Fujiwara' pointed out
that uniform ferromagnetism is not expected in amor-
phous Fe because of this change of the main peak due to
structural disorder. If we adopt the same argument, we
find ferromagnetism in amorphous Co because of the lo-
cation of the Fermi level near the main peak, and
paramagnetism or weak ferromagnetism in amorphous
pure Ni. These predictions are based on a rough estimate
of the Stoner criterion assuming the uniform magnetiza-
tion. Since the LM's generally depend on their local en-
vironments, one has to perform numerical calculations
based on our theory of LEE to examine the existence of
ferromagnetism. The results of the calculations for the
magnetization curves are presented in Fig. 5. Here we
adopted the effective exchange energy parameter for Fe
(J=0.059045 Ry) and the DOS in Fig. 4, and varied the
d-electron number to reveal qualitative features of fer-
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FIG. 4. The input densities of states (DOS) for the amor-
phous (solid curve) (Ref. 29), bcc (dot-dashed curve) (Ref. 29),
and fcc (dotted curve) (Ref. 30) structures.

[g~)2]1j2

romagnetism in 3d transition metals.
Calculated spontaneous magnetization for amorphous

structure occurs near compositions around Ni, and rapid-
ly decrease near compositions around Fe with decreasing
d-electron number. The curve explains well the average-
d-electron-number dependence of the magnetization data
in amorphous (Fe-M)9OZr, o (M =Mn, Co, and Ni) al-
loys. ' A characteristic feature of the amorphous transi-
tion metals is that ferromagnetism is stable near composi-
tions around Co (N =8.0), while the bcc (fcc) fer-

romagnetism is stable near compositions around Fe (Ni).
In other words, it may safely be said that the structural
disorder enhances ferromagnetism around the region
where both bcc and fcc structures show ferromagnetic in-
stability. The stable regions correspond to d-electron
numbers having the Fermi level at the main peak in the
DOS of each structure, as indicated by the arrows in Fig.
5. This verifies that the magnetic-energy gain due to the
main peak near the Fermi level is responsible for fer-
romagnetism even in the amorphous structure.

Recently, Dumpich et al. found that fcc Fe68Ni32
films with broad x-ray (111)intensity peak show a magne-
tization (2.4@~ ) larger than that expected from the
Slater-Pauling curve, while annealed films with a narrow
x-ray intensity peak show a small magnetization (1.4p, ii )

which coincides with that found in bulk Fe-Ni alloys.
Although they attributed their data to the existence of
the high-spin state in the gneiss model, which has re-
cently been discussed on the basis of the ground-state
band calculations, we interpret them as the enhance-
ment of ferromagnetism due to structural disorder as
found in the present calculation, because the broadening
of the x-ray intensity peak indicates a disturbance of the
fcc structure.

The SG solutions due to the structural disorder is a
striking feature in our theoretical calculations. The solu-
tions exist even around Co (%=8.0) as shown by the
dashed curves in Fig. 5. But the SG phase is realized
after the disappearance of ferromagnetism, because the
ferromagnetic-energy gain is generally larger than the
SG. The SG solutions around X =6.0 are also unrealistic
because the antiferromagnetism specified by a site-
dependent effective medium is expected to be stabilized
there. In fact, we found that all the NN magnetic cou-
plings become antiferromagnetic in the region N 6.7, ir-
respective of the local environments. It turns out that
the SG is realized around the amorphous Fe.

The minimum of the order parameter [(m ) ]', at
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FIG. 5. Calculated magnetization vs d-electron number
curves at 75 K for the amorphous (solid curve), bcc (dot-
dashed), and fcc (dotted curve) structures. Effective exchange-
energy parameter is fixed to the amorphous Fe (J=0.059 Ry).
Dashed curve shows the spin-glass (SG) order parameter. The
d-electron numbers integrated up to the main peak of each DOS
in Fig. 4 are indicated by the arrows. The inset shows the ex-
perimental data for amorphous (Fe-M)9OZr&o alloys (Ref. 31).
Here, M =Mn (0), Co (E), and Ni (o ).

N

10

FIG. 6. Curie temperature vs d-electron number curves cal-
culated with use of the same input parameters as in Fig. 5. The
SG temperatures are shown by dashed curve. The d-electron
numbers showing the peak position in the input DOS are indi-
cated by the arrows.
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%=6.95 is caused by a change in sign of the average
magnetic couplings with decreasing d-electron number.
Details of the SG problems will be discussed in Sec. III B.

Systematic variation of the Curie temperature, as well
as the SG temperature, is presented in Fig. 6. Calculated
Curie temperature for bcc Fe is 2020 K. This is twice the
experimental value [1040 K (Ref. 35)] because of the
molecular-field-type approximation. It is seen that the
maximum Tz roughly corresponds to the main-peak po-
sition in the noninteracting DOS. This fact indicates that
the Curie temperatures in 3d transition metals are mainly
determined by the magnetic-energy gain associated with
the main peak in each DOS.

As has already been mentioned, the antiferromagnetic
solutions are expected to be more stable than the SG
solution in the region N&6. 7. Since the SG tempera-
tures amount to 1000 K in this region, we speculate that
the Neel temperatures in amorphous transition metals
around X =6.0 would be enhanced as compared with the
fcc ones. This is because the spin frustrations in the fcc
structure are mostly destroyed by structural disorder. In
fact, such an enhancement is seen in the SG temperature
Tg Tg s in Fe-rich amorphous al loys are as high as 120 K
(see Fig. 2), while those in the fcc (Fe, Ni, , )92Cs and
(Fe,Ni&, )soCr2o alloys ' are reported to be less than
30 K.

B. Spin glasses around amorphous Fe

We have discussed the magnetism of amorphous Fe in
previous papers. ' lt was concluded that the amor-
phous Fe shows itinerant-electron SG behavior because
of the nonlinear magnetic coupling and the LEE's on the
amplitude of LM due to structural disorder. In this sub-
section we argue in favor of formation of spin glasses
around Fe in more detail ~

In Fig. 7 we show the calculated magnetic phase dia-
gram around N=7. 0. Calculated SG temperatures are
100—200 K around %=7.0, which are consistent with
the experimental data (=120 K) in Fe-rich amorphous
alloys around 90 at. % Fe (Ref. 3).

As has been discussed in a previous paper, the amor-
phous Fe (N =7.0) shows the anomalous nonlinear mag-
netic couplings; the Fe LM's with large amplitude fer-
romagnetically couple with the neighboring LM's, while
the Fe LM's with small amplitude antiferromagnetically
couple with the neighboring ones. This is seen from the
energy functionals in Fig. 8. [Note that the exchange
pair energies —4(+'„(g) mean the magnetic pair-energy
gain for the central LM g when the neighboring LM with
average amplitude x points up, as seen from Eq. (2.2).j
Since the amplitude of LM depends strongly on the sur-
rounding environments, as seen from the various
minimum points of the single-site energy E„(g) in Fig. 8,
the sign of the magnetic couplings changes with the local
environments (see Fig. 9). This leads to SG behavior in
amorphous Fe.

As the d-electron number is increased in the SG re-
gion, the nonlinear magnetic couplings between the NN
LM s disappear in the region X 7.2, as shown in Fig.
10. Nevertheless, SG behavior remains in the region
7.2&N&7. 385. This paradoxical situation may be un-
derstood from the following argument.

Since the NN couplings are ferromagnetic, the LM's
certainly form ferromagnetic clusters. If ferromagnetic
long-range order in these clusters developed, the effective
medium would have a polarization consistent with NN
ferromagnetic couplings. However, we found that the
antiferromagnetic couplings occur between the central
LM and the effective medium, once the medium is polar-
ized. The central LM is then reversed, and therefore the
ferromagnetic order cannot increase (see Fig. 11).

The resulting SG is accompanied by formation of fer-
romagnetic clusters in the region 7.2 &X &7.385. Thus
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FIG. 7. Magnetic phase diagram around amorphous Fe
showing the ferromagnetic (F), paramagnetic (P), and the spin-
glass (SG) states. The cluster SG (CSG) phase is expected in the
region 7.2 ~ X & 7.385.

FIG. 8. Single-site energy [E„(S),dotted curves ] and ex-
change pair energy [—4'+'„(g), solid curves] for %=7.0 at
T=35 K in various environments (n, number of contracted
atoms on the NN shell).
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FIG. 9. Schematic representation showing the local-
environment erat'ect on the central local moment (LM) around
amorphous Fe (N=7.0). n denotes the number of contracted
atoms on the NN shell.

we call it the cluster SG phase. Although the present
theory cannot treat clusters extending beyond the NN
shell, what really happens is probably that the size of the
ferromagnetic clusters increases with increasing electron
number, so that the clusters finally reach the ferromag-
netic state after a second-order transition.

The LM distributions in the SG region are presented in
Fig. 12. They range from —2.5pz to 2. 5pz. The nar-
rowing of the distribution around N =7.0 corresponds to
the vanishing of averaged magnetic couplings. The SG's
in this region are mostly created by Quctuations in mag-
netic couplings due to structural disorder.

The calculated LM distributions are consistent with
the broad internal-field distributions in amorphous
Fe93Zr7, Fe92La8, and Fe92Hf8 alloys. ' ' But for a de-
tailed comparison with the experimental data, one needs
the distribution of the coupling constants between the nu-
clear spin and the surrounding LM's in a phenomenologi-
cal expression for the internal field.

In the present calculations, the reentrant SG appears in
the narrow region 7.350~% 87.385. The temperature
dependence of the magnetization and the SG order pa-
rameter in this region is presented in Fig. 13. Although
we treat itinerant-electron systems, both curves are simi-
lar to those expected from the Sherrington-Kirkpartrik
model, in which the Ising spins interact through
infinite-ranged exchange interactions with a Gaussian

0

f (PB)

g(M)
N= 7.~0

FIG. 10. The same as in Fig. 8 but for N =7.365.

N = 7.375

N= 7.25

N = 7.00

N= 6.875

FIG. 11. Schematic representation showing the formation of
the cluster SG. The short-range ferromagnetic couplings form
ferromagnetic clusters. But the long-range antiferromagnetic
couplings between the central LM and the polarized medium
(X '

) suppress the ferromagnetism.

0

M (48)

FKr. 12. The LM distributions [g(M)] around amorphous
Fe at 35 K. N denotes the d-electron number.
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FIG. 13. Magnetization ([(m ))„solid curves) and the SG
order parameter ([(m ) ]' „dotted curves) as a function of
temperature around the reentrant regime. The curves below 35
K are extrapolated. The numbers in the figure indicate the d-
electron number N. The amplitudes of LM's are also shown by
the dot-dashed curves.

distribution.
The temperature dependence of the LM distribution in

the reentrant region is shown in Fig. 14. The existence of
the paramagnetic component [i.e., g (M =0)] at low tem-

peratures indicates the Curie-Law behavior in the suscep-
tibilities. The transition from the SG to the ferromagnet
with rising temperature is accompanied by a reversal of
the LM's with four or five contracted NN atoms. This
change is seen in Fig. 4 as a decrease in the weight
around M = —1.5pz, and an increase around M =0.5p~
at T =0.37T, .

According to our analysis for %=7.365, the aver-
age exchange coupling constants, defined by
8=[4"(x)—4"(—x) ]/2, increase from 8= 1.78
X 10 (0.65 X 10 ) Ry at 0 K to d=3.20X 10
( 1.2 X 10 ) Ry at Tc for the contracted (stretched)
pairs. This indicates that the short-range ferromagnetic
interactions are enhanced as compared with the long-
range antiferromagnetic interactions, so that the fer-
romagnetism appears with increasing temperature.

Experimentally, reentrant behavior is found in the Fe-
rich amorphous alloys in the wide range of Fe concentra-
tions as shown in Fig. 2. A qualitative feature of the
reentrant SCx's around 90 at. %%uoFe isexpecte d tobeex-
plained by the present calculations, because the effect of
the structural disorder should be much stronger than that
of the configurational disorder in this region, though the
latter becomes more important for lower Fe concentra-
tions. A detailed comparison of our results with the ex-
perimental data in the reentrant regime will be presented
elsewhere. '

C. Amorphous Co and Ni, and enhancement of T&

0.92 TC N=7365

The structure of amorphous Co is considered to be
essentially the same as in amorphous Fe. Thus we scaled
the d-band widths W of the input DOS (Fig. 4) with use
of the ratio W(Co)/W(Fe)=0. 441/0. 393 in the fcc struc-
ture, and calculated the magnetic properties of Co in
the bcc, fcc, and amorphous structures.

Numerical examples of the DOS in various environ-
ments are shown in Figs. 15 and 16. Here, we adopted
the parameters N =8.1, and J=0.100 Ry. In the fer-

Q.64Tc
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-06 -04 —0.2 0.2

~ (~B) & (Ry)

FICx. 14. Temperature variation of the LM distribution for
N =7.365.

FICx. 15. Averaged up and down DOS of the ferromagnetic
amorphous Co in various environments (n).
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FIG. 16. Averaged DOS of the paramagnetic amorphous Co
in various environments.

romagnetic state, the up-spin DOS are below the Fermi
level because of the strong ferromagnetism. The up and
down DOS for isolated atoms (n =0) form a narrow
band, while those with the environments n ~ 6 show the
double-peak structure. In the paramagnetic state, the
main peaks of the up and down DOS are located at the
Fermi level, suggesting the large magnetic-energy gain
even above Tc. One of the important differences between
the amorphous Fe and Co is that the DOS for the isolat-
ed Co (n =0) does not show a clear exchange splitting
because of larger d-electron number; the DOS shows a
single peak around the Fermi level.

The calculated magnetization-versus-temperature
curves are presented in Fig. 17. In the present choice of
parameters, the ground-state magnetizations are 1.51pz
for bcc, Co 1.69p~ for fcc Co, and 1.57p~ for amorphous

Co. These are in approximate agreement with the experi-
mental values 1.53pz (Ref. 42), 1.74pz (Ref. 43), and
1.72@~ (Ref. 8), respectively. The calculated Tc are 2640
K for bcc Co, 2480 K for fcc Co, and 2970 K for amor-
phous Co, as compared with the experimental values
1500 K (extrapolated value), 1388 K, and 1850 K (ex-
trapolated value), respectively. They are overestimated
by a factor of 1.8 because of the molecular-field approxi-
mation. The susceptibilities follow the Curie-Weiss law.
The calculated effective Bohr magneton numbers are
2.25p~ for bcc Co, 2.39p~ for fcc Co, and 2.02p~ for
amorphous Co. The experimental value for fcc Co is
3.15@~ (Ref. 46).

The calculated T& of amorphous Co is 490 K higher
than that of fcc Co. If we take into account a reduction
factor of 1.8 due to the molecular-field-type approxima-
tion, we expect an enhancement by 300 K due to the
amorphous structure in Co. This is consistent with the
experimental speculation by Fukamichi, Cxoto, and Mizu-
tani. The enhancement of Tc is not very sensitive to the
d-electron number, as shown in Fig. 18; the amorphous
structure has a Tc higher than the bcc and fcc structure
in the region 7.9 & N & 8.5. Since the d-electron numbers
showing the maximum T& correspond well to those for
the main-peak position in the noninteracting DOS, the
high T~ in the amorphous Co is basically due to the
magnetic-energy gain associated with the main peak of
the DOS located around the Fermi level. In addition, it
is also favorable to the relative enhancement of amor-
phous T& that the magnetization for the fcc rapidly de-
crease near Tc.

The amorphous and fcc curves for Tc cross at X =8.5,
as seen in Fig. 18. Although there is not direct experi-
mental data for it, we point out that such a crossing of
T& is found in the concentration dependence of the Weiss

fcc Co
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FICx. 17. Magnetizations, inverse susceptibilities, and ampli-
tudes of LM's for the amorphous Co (solid curves) and fcc (dot-
ted curves) Co (X=8. 1 and J=0.100 Ry) as a function of tem-
perature.

FICr. 18. Curie temperature around Co in the various struc-
tures. The d-electron numbers for Co (X=8.1) and the main-

peak position in the input DOS are shown by arrows. The pa-
rameter J=0.090 Ry is used.
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FIG. 21. The same as in Fig. 17, but for Ni (%=9.1, and
J=0.060 Ry).

N

constant in the paramagnetic susceptibilities of liquid and
fcc transition-metal alloys, '" (see Fig. 19). The data
seem to support our result since the Weiss constants in
the fcc Fe-Ni alloys are very close to the Curie tempera-
tures, and, in addition, the liquid structure is similar to
the amorphous one.

We also examined amorphous Ni with use of the DOS
in Fig. 4, assuming N =9. 1, and the scaling factor
8'(Ni)/JY(Fe)=0. 364/0. 393 (Ref. 30). Figure 20 shows

0
a
lX

ch
Ot

Vl

cA

C

3
Ch

40—

20

Q fTI

FIG. 19. Concentration dependence of the experimental
effective Bohr magneton number (m,z) and the gneiss constant
(0) for the liquid (solid curves) and fcc (dotted curves)
transition-metal alloys (Ref. 48): 0, Fe-Ni, 0, Fe-Co; O, Co-
Ni. The Curie temperatures for fcc Fe-Ni alloys are also shown
by the dot-dashed curve.

the LEE on the DOS in the paramagnetic state. It is seen
that the main peak in the DOS for isolated atoms (n =0)
shifts to the Fermi level because of the charge-neutrality
condition, though the averaged DOS is almost the same
as in amorphous Fe. The calculated magnetization and
susceptibility are presented in Fig. 21 as a function of
temperature. Amorphous Ni does not exhibit fer-
romagnetism in the present calculations since the main
peak shifts to lower energy due to structural disorder.
The calculated efFective Bohr magneton number is 1.27pz
for amorphous Ni and 1.26p~ for fcc Ni, while the exper-
imental value is 1.6p~ for fcc Ni.

Experimental data for amorphous Ni &,Y,
[0.03 & c & 0.25 (Ref. 50)] as well as amorphous Ni, ,La,
alloys, ' suggest that amorphous pure Ni exhibits fer-
romagnetisrn in contradiction to the present calculation,
although the Weiss constant ( —435 K) obtained from the
inverse susceptibility of liquid Ni (Ref. 47) suggests
paramagnetisrn. In connection with this discrepancy, we
have to take into consideration the following problems.
First, the degree of structural disorder in amorphous Ni-
Y alloys has not yet been examined experimentally.
There is a possibility that the parameter [(M ) ]',[R],
is smaller than the 0.06 that we assumed in our calcula-
tion, so that ferromagnetism is realized in the experi-
ment. It is highly desirable to examine the pair distribu-
tion function by means of x-ray techniques. Second, fer-
romagnetisrn around Ni is sensitive to the d-electron
number, as seen from Fig. 18. It is not easy to determine
the d-electron number in amorphous Ni with a precision
under +0.1. Thus first-principles ground-state calcula-
tions are required to settle this problem.

IV. CONCLUSION AND DISCUSSION

-04 - 0.2 0.2

u (Ry)

FIG. 20. Averaged DOS of the paramagnetic amorphous Ni
in various environments.

We have presented overall features of magnetism in
amorphous 3d transition metals on the basis of a finite-
temperature theory of LEE's for amorphous and liquid
systems. We have shown that magnetisrn in transition
metals is drastically changed by structural disorder, and
it is basically governed by the electronic structure in-
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herent in the amorphous transition metals.
Ferromagnetism has been shown to be stabilized in

amorphous transition metals in the region 7.35 & N ~ 9.0.
It is characterized by the main-peak position in the
noninteracting averaged DOS, which is located just be-
tween the bcc and fcc DOS peaks. Since amorphous Fe
has a Fermi level below the main peak, the ferromagne-
tism in bcc Fe is destroyed by the introduction of
structural disorder. On the other hand, the Fermi level
of amorphous Co is located at the peak of the input DOS,
so that ferromagnetism is stabilized. The enhancement of
the Curie temperature in amorphous Co is also attributed
to the magnetic-energy gain associated with the Fermi
level located at the peak. Ferromagnetism in fcc Ni is
well known to be stabilized by a sharp peak, located at
the Fermi level. When this peak is shifted down to lower
energy by structural disorder, ferromagnetism is expected
to be weakened. The present theory predicts that the
paramagnetism would be accomplished in amorphous Ni
if the degree of structural disorder is comparable to that
in amorphous Fe.

The itinerant-electron SG are expected to be stabilized
in the region 6.7 ~ N ~ 7.35 by a competition between the
ferromagnetic and antiferromagnetic couplings. The
mechanism changes with d-electron numbers. The NN
nonlinear magnetic couplings and the LEE on the ampli-
tudes of LM's lead to coexistence of the ferromagnetic
and antiferromagnetic couplings in the region
6.7~N~7. 2, so that the LM's are randomly frozen at
low temperatures. However, in the region 7.2~% ~7.35,
the NN couplings are ferromagnetic, irrespective of the
local environments. But the long-range ferromagnetic or-
der is suppressed because of the long-range antiferromag-
netic couplings. The SG's are then accompanied by for-
mation of ferromagnetic clusters. With increasing d-
electron number, the size of the clusters is expected to in-
crease, so that finally ferromagnetism is achieved after a
second-order phase transition.

The physical picture for the magnetism in amorphous
pure transition metals presented in this paper provides us
with a basis for understanding various magnetic proper-
ties of amorphous transition-metal alloys. For example,
magnetism in amorphous transition-metal —metalloid al-
loys as shown in Fig. 1 may be explained as follows. Ac-
cording to the electronic-structure calculations by
Fujiwara' for amorphous Fe8OB2o alloys, the eKect of
metalloid addition is a d-band narrowing due to the
volume expansion and a shift toward lower energy of the
main peak due to hybridization between the Fe d and the
metalloid p states. The drastic change in magnetism with
the introduction of metalloids is attributed to the latter,

since the former simply enhances the ferromagnetism ir-
respective of the d-electron number. In fact, the Fermi
energy moves to the main peak in the amorphous
Fe8oBioPio alloy because of the peak shift, so that fer-
romagnetism is recovered in amorphous Fe-rich metal-
loid alloys. The ferromagnetism in amorphous
CO8OB]OPio alloys is weakened because the magnetic-
energy gain is lost by the shift down of the main peak.
The amorphous Ni8OB&OP]0 alloys, on the other hand, is
not strongly influenced by the shift, because the peak in
amorphous Ni is also located below the Fermi level. The
resulting magnetization and Curie temperature curves are
outwardly reduced as compared with those in crystalline
transition-metal alloys.

Most of our results have as yet not been verified experi-
mentally. More systematic experimental investigations
for the amorphous 3d transition metals are needed to ex-
amine the physical picture presented here. In particular,
amorphous Fe is expected to have an itinerant-electron
SG caused only by structural disorder. The investiga-
tions for amorphous (Fe-Ni)9QZr&o, (Fe-Mn)9oZr&o, and
(Fe-Cr)9oZr, o alloys might verify the magnetic phase dia-
gram around amorphous Fe as shown in Fig. 7.
Mossbauer experiments for these alloys are expected to
provide us with important information concerning the
LM distribution g (M) as shown in Figs. 12 and 14. A re-
cent neutron experiment suggests a coexistence of prop-
agating spin-wave excitations and spin-freezing phenome-
na in amorphous Fe90Zr&o alloys at low temperatures.
Photoemission experiments might provide evidence for
the main-peak shift due to structural disorder as seen in
Fig. 4. Furthermore, simultaneous measurement of the
pair distribution function in these experiments is in-
dispensable to examine the degree of structural disorder.
In a forthcoming paper, we will discuss other magnetic
properties such as susceptibility, T-P phase diagram, and
forced volume magnetostriction to establish the validity
of our theory by comparing our results with more experi-
mental data.
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