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Metallic magnetism from crystals to amorphous structures in Fe, Co, and Ni
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A theory of metallic magnetism that interpolates between crystals and amorphous structure has been devel-
oped on the basis of the functional integral technique and the distribution function method to investigate
nonunique magnetism in amorphous Fe, Co, and Ni with different degree of structural disorder. Numerical
results of various magnetic moments, susceptibilities, and magnetic phase diagram are presented as a function
of the fluctuation of interatomic distance@(dR)2#s

1/2/@R#s , the average coordination numberz* , and tempera-
ture. ~Here @ #s denotes the structural average.! It is demonstrated that there is a phase transition from the
ferromagnetism to the spin glass in Fe with increasing structural disorder. The experimental data of amorphous
Fe showing the ferromagnetism~the spin glass! are explained by the parametersz* '10.5 (z* '11.5) and
@(dR)2#s

1/2/@R#s'0.07. The Curie temperature (TC) in Co is shown to increase monotonically with increasing
the degree of structural disorder, but to have no maximum between the crystals and amorphous structure, while
in Ni, TC decreases with increasing degree of structural disorder. The latter explains variousTC as found by an
extrapolation of the experimental data in Ni-rich amorphous alloys.@S0163-1829~97!03538-8#
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I. INTRODUCTION

Much effort has been concentrated on the amorphous
tallic magnetism towards understanding magnetic proper
of amorphous pure metals and their amorphous alloys c
to pure metals in the past decade1–3 and yielded the discov
eries of peculiar magnetic properties of amorphous Fe,
and Ni as well as much controversy of their experimen
data.

In Fe-rich amorphous alloys containing early transiti
metals, it was found that the Curie temperatures (TC) rapidly
decrease beyond 80 at. % Fe and spin glasses~SG’s! appear
beyond 90 at. % Fe.4–10Since the SG transition temperatur
(Tg) hardly depend on the second elements, it was con
ered that the SG is caused by the structural disorder b
intrinsic in the amorphous pure Fe. In order to elucidate
magnetic phase in Fe-rich amorphous alloys, we develop
finite-temperature theory of amorphous metal
magnetism11–14 on the basis of the functional integra
method15–17 and the distribution function method.18 The
theory explained the SG of amorphous Fe in a reason
range of parameters by means of a competition betw
ferro- and antiferromagnetic interactions due to the nonlin
magnetic couplings and the local environment effects on
amplitude of local magnetic moments.13

It is well known, on the other hand, that an extrapolati
of magnetization in amorphous FecB12c (c,0.9) alloys
yields a large magnetic moment 2.2mB for amorphous pure
Fe, showing rather strong ferromagnetism (F).19 The experi-
mental data were often referred to in the literature for
ground-state electronic-structure calculations to justify
theoretical results.20–22According to more recent experimen
tal investigations, the amorphous Fe in Y/Fe/Y film sho
the ferromagnetism with the ground-state magnetiza
1.2mB though the magnetization shows the strong thickn
dependence.23 Moreover, the amorphous Fe powders co
560163-1829/97/56~14!/8807~12!/$10.00
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taining 2 wt. % H, 3 wt. % C, and 1 wt. % O were als
reported to show the ferromagnetism with the magnetiza
1.4mB at the ground state.24

Apart from the effects of the second elements in the am
phous Fe alloys, one of the possible origins that may ca
the contradictory experimental results for amorphous
mentioned above is the volume change. We therefore inv
tigated the volume dependence of the magnetism in am
phous Fe and found theF-SG-P transition with decreasing
volume.25 ~HereP denotes the paramagnetism.! In particular,
we found that the equilibrium volume of amorphous Fe
expected to be close to the phase boundary betweenF and
SG and therefore discussed the possibility of the appeara
of ferromagnetism in Y/amorphous Fe/Y film due to volum
expansion.

The second origin that can yield nonunique experimen
results in amorphous Fe is a detailed change in microsc
amorphous structure. The size difference between Fe and
second elements, the difference in chemical bond with
second elements, and the different preparation techniq
may cause different amorphous structures and therefore
ferent magnetic properties.

The nonunique magnetism due to different microsco
structures seems also to be seen in amorphous Ni. As sh
in Fig. 1 as an example, the Curie temperatures (TC) in
amorphous Ni-Y,26 Ni-Zr,27 and Ni-La~Ref. 28! do not agree
even beyond 90 at. % Ni and yield different values of e
trapolatedTC for amorphous pure Ni. The concentration d
pendence of the Weiss constants in liquid Fe-Ni alloys29 sug-
gests that Ni with liquid structure would be nonmagnetic.

The purpose of the present work is to investigate the m
tallic magnetism of Fe, Co, and Ni from crystals to amo
phous structure to explain nonunique experimental data m
tioned above by means of the degree of structural disord

We organize our paper as follows. We first develop
8807 © 1997 The American Physical Society
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Sec. II a theory that describes the finite-temperature mag
tism with any degree of structural disorder, interpolating b
tween crystals and amorphous structure. The microsc
atomic structures between the bcc, fcc, and amorphous s
tures are characterized by an average coordination num
z* and the fluctuations of interatomic distan
D5@(dR)2#s /@R#s

2 . Here R is the nearest-neighbor inte
atomic distance,@ #s denotes the structural average, a
dR5R2@R#s .

In Sec. III we apply the theory to Fe, Co, and Ni. Vario
magnetic moments as well as susceptibilities are calcul
as a function ofz* , D, and temperatureT. We will demon-
strate in Sec. III A that both ferromagnetism and SG’s
possible in amorphous Fe with differentz* andD. Moreover,
we propose a mechanism of the formation of the reent
SG’s that appear at the boundary betweenF and SG states.

In Sec. III B we will present the results of calculations f
Co and Ni. It is well known experimentally that the Cur
temperature of amorphous Co would be enhanced.30 Esti-
matedTC is about 1850 K and is 450 K higher than that
fcc Co. Our question in amorphous Co is whether or not
Curie temperature can be enhanced more in the interme
degree of structural disorder. In the calculation of the m
netism in Ni, we will demonstrate that the different degre
of structural disorder yield different values ofTC . We will
realize the ferromagnetism of fcc Ni, a weak ferromagneti
of amorphous Ni, and the nonmagnetic state in Ni with liqu
structure. Finally, we summarize our results in Sec. IV.

II. FORMULATION

We briefly review in this section the theory of amorpho
metallic magnetism,11,12,14and extend it so that one can d
scribe the magnetism in amorphous metals with any deg
of structural disorder. In the theory of amorphous meta
magnetism, we start from the degenerate-band Hamilton
with Coulomb and exchange interactions and apply the fu
tional integral technique.17 The interacting Hamiltonian is
then transformed into a one-electron Hamiltonian with ra
dom exchange fields acting on each site. The central lo
moment~LM ! is expressed as a classical average of the fi
variablej on the same site with respect to an energy, wh
consists of a one-electron free energy with random excha
fields and Gaussian quadratic terms of the random fields@see
Eq. ~3.15! in Ref. 17#.

FIG. 1. Curie temperatures in amorphous Ni-Y~d! ~Ref. 26!,
Ni-Zr ~h! ~Ref. 27!, and Ni-La ~s! ~Ref. 28! alloys. The dotted
curve shows the Weiss constant in liquid Fe-Ni alloys~Ref. 29!.
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Introducing effective mediumLs into the diagonal term
of the one-electron Hamiltonian with random exchange
tentials, we expand the deviation from the effective medi
in the energy functional with respect to the site. By maki
use of the molecular field approximation for the surround
field variables, the central LM is given by the number
nearest neighbors~NN’s! z, the surrounding LM’s$^mj&%,
the squares of transfer integrals$yj5t j 0

2 %, the effective self-
energy$Ss% describing the effects of structural disorder ou
side the NN’s, and the effective medium$Ls% describing the
thermal spin fluctuations@see Eq.~2.23! in Ref. 12#:

^m0&~z,$^mj&%,$t0 j
2 %,$Ls

21%,$Ss%!5

E djje2bC~j!

E dje2bC~j!

.

~1!

Hereb denotes the inverse temperature andC~j! denotes the
energy in the molecular field approximation.

In the disordered system, the surrounding physical qu
tities z, $^mj&%, and$yj5t j 0

2 % show a distribution. We define
their distributions asp(z), g(^mj&), and ps(yj ), respec-
tively. The distribution of the central LM is then obtaine
from these distributions via Eq.~1!. Since it should be iden-
tical to the surrounding ones, we obtain an integral equa
for the distribution function as@see Eq.~58! in Ref. 14#

g~M !5(
z

p~z!E d~M2^m0&!)
i 51

z

@ps~yi !dyig~mi !dmi #.

~2!

We adopt here the simplest form ofp(z):

p~z!5~@z* #112z* !dz,[z* ]1~z* 2@z* # !dz,[z* ] 11 , ~3!

@ # being Gauss’s notation. By making use of the decoupl
approximation

E m2n1kg~m!dm'@^m&2#s
n@^m&k#s ~k50,1!, ~4!

E ~y2@y#s!
2n1kps~y!dy'@~y2@y#s!

2#s
n0k ~k50,1!,

~5!

we obtain the self-consistent equations for@^m&#s and
@^m&2#s from Eq. ~2! @see Eq.~66! in Ref. 14#,

F @^m&#s

@^m&2#s
G5E F M

M2Gg~M !dM

5(
z

p~z! (
n50

z

GS n,z,
1

2D (
k50

n

(
l 50

z2n

G~k,n,q!

3G~ l ,z2n,q!F @^j&~z,n,k,l !#s

@^j&~z,n,k,l !2#s
G , ~6!

q5
1

2 S 11
@^m&#s

@^m&2#s
1/2D . ~7!

In the present approximation, the atomic local enviro
ment is described by a contraction or a stretch of the
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56 8809METALLIC MAGNETISM FROM CRYSTALS TO . . .
atomic distance by@(dR2)#s
1/2 on the NN shell since the

transfer integrals are connected to the interatomic distanc
t(R)}R2k ~k53.8 for Fe!.31 Therefore, atomic and spin
configurations on the NN shell are expressed by the binom
distribution function G(k,n,q) defined by
@n!/k!(n2k)! #qk(12q)n2k. ^j&(z,n,k,l ) on the right-hand
side of Eq.~6! shows the LM’s with the local environmen
specified byz, n ~the number of contracted atoms amongz
NN atoms!, k ~the number of up spins on then contracted
atoms!, and l ~the number of up spins on thez-n stretched
atoms!:

^j&~z,n,k,l !5

E djje2bC~j,z,n,k,l !

E dje2bC~j,z,n,k,l !

, ~8!

C~j,z,n,k,l !5E~j,z,n!1nF1
~a!~j,z,n!1~z2n!

3F2
~a!~j,z,n!2@~2k2n!F1

~e!~j,z,n!

1~2l 2z1n!F2
~e!~j,z,n!#

@^m&2#s
1/2

x
,

~9!

Herex is defined by an amplitude@^j2&0#s
1/2 and^ &0 means

the thermal average in the single-site approximation.
The single-site energyE(j,z,n) on the right-hand side o

Eq. ~9! is expressed in theD-fold equivalent band model a
@see Eq.~3.11! in Ref. 17#

E~j,z,n!5E dv f ~v!
D

p
Im (

s
ln@Ls~j,z,n!212Ls

21

1F00s~z,n!21#2Nw~j,z,n!1
1

4
J̃j2, ~10!

Ls~j,z,n!215v1 id2e01m2w~j,z,n!1
1

2
J̃js1hs.

~11!

Here f (v) denotes the Fermi distribution function,D is the
number of degeneracy~D55 for transition metals!, N is the
d electron number, andJ̃ is the effective exchange energ
parameter.e02m in Eq. ~11! is the atomic level measure
from the chemical potentialm, h is the uniform magnetic
field, andd is an infinitesimal positive number.

The charge potentialw(j,z,n) in Eqs. ~10! and ~11! is
determined from the charge neutrality condition for each
cal environment (z,n),

N5E dv f ~v!
~2D !

p
Im (

s
@Ls~j,z,n!212Ls

21

1F00s~z,n!21#21. ~12!

The atomic and exchange pair energies for contracted~1!
and stretched~2! pairs in Eq.~9! are given by

FF6
~a!~j,z,n!

F6
~e!~j,z,n! G5

1

2 (
n561

F 1
2n GF60 j~j,nx,z,n!, ~13!
as

al

-

F60 j~j,nx,z,n!5E dv f ~v!
D

p

3Im (
s

ln@12F0 j sF j 0s
6 t̃0s~j! t̃s~nx!#.

~14!

The single-sitet-matrices on the central and neighborin
sites are expressed as

t̃0s~j!5
Ls~j,z,n!212Ls

21

11@Ls~j,z,n!212Ls
21#F00s~z,n!

, ~15!

t̃s~nx!5
L̄s~nx!212Ls

21

11@ L̄s~nx!212Ls
21#Fs

. ~16!

Here the locatorL̄s(j) in the single-site approximation i
defined by Eq.~11! in which the charge potentialw(j,z,i )
has been replaced by the single-site one.

The diagonal and off-diagonal coherent Green’s functio
at the central site are given in the Bethe approximation
@see Eqs.~2.30! and ~2.31! in Ref. 12#

F00s~z,n!5FLs
212@y#sKsS z1~2n2z!

@~dy!2#s
1/2

@y#s
D G21

,

~17!

F0 j sF j 0s
6 5@y#sS 16

@~dy!2#s
1/2

@y#s
DKs

2F00s~z,n!2, ~18!

Ks5~Ls
212Ss!21. ~19!

Heredy5y2@y#s .
The averaged coherent Green’s functionFs is calculated

from

Fs5 (
n56

1

2 HLs
211z* @y#sS 11n

@~du!2#s
1/2

@u#s
DKsJ 21

.

~20!

Heredu5u2@u#s andu5( j 51
z yj .

The quantities@(dy)2#s
1/2/@y#s and@(du)2#s

1/2/@u#s in Eqs.
~17!, ~18!, and~20! describe the effects of local fluctuation
of transfer integrals due to structural disorder on the N
shell. They are expressed by the fluctuations of the in
atomic distanceD5@(dR)2#s /@R#s

2 as @see Eqs.~90! and
~91! in Ref. 14#

@~dy!2#s
1/2

@y#s
52kD1/2, ~21!

@~du!2#s

@u#s
2 5

~z* 2@z* # !~@z* #112z* !

z*
1

4k2

z*
D, ~22!

sincet}R2k.
The effective mediumLs

21 is determined from the
coherent-potential approximation condition@see Eq.~2.67! in
Ref. 12#
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(
n56

1

2 S 11n
@^j&#s

@^j&2#s
1/2D $L̄s

21~n@^j&2#s
1/2!2Ls

211Fs
21%21

5Fs . ~23!

Here@^j&#s is nothing but@^m&#s and@^j2&#s is given by the
upper part of Eq.~6! in which ^j&(z,n,k,l ) have been re-
placed by^j2&(z,n,k,l ).

Equations~6!–~23! are what we obtained in our previou
works12,14 and show that we can obtain@^m&#s and @^m&2#s
self-consistently once we know the coordination numberz* ,
the degree of structural disorderD, the average band width
z* @y#s , and the effective self-energy$Ss%. The latter two
quantities are obtained from the average densities of st
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~DOS! @r(e)#s for the noninteracting system

Fs5E @r~e!#sde

Ls
212e

, ~24!

z* @y#s5E e@r~e!#sde. ~25!

We adopted in our previous works12,13 the DOS@ra(e)#
for amorphous transition metals calculated from an am
phous structure withz* 5za* andD1/25Da

1/2 and obtained the
self-energySas andKas , solving Eq.~20! as
za* yaKas5

2FasLs
21216S 114

@~dua!2#s

@ua#s
2 FasLs

21~FasLs
2121! D 1/2

2S 12
@~dua!2#s

@ua#s
2 DFas

. ~26!
ely

ree

c-

-

Here the suffixa is used to specify the quantities for th
amorphous structure and the sign should be chosen to
Im Kas,0.

The bandwidth parameterza* ya for amorphous structure i
obtained from Eq.~25!:

za* ya5E era~e!de. ~27!

More important is that the theory also describes the m
netism in crystals. Equations~26! and~27! are then replaced
by

zc* ycKcs5Ls
212Fcs

21 , ~28!

zc* yc5E erc~e!de. ~29!

Here the suffixc is added to all the quantities for a cryst
~c5b for the bcc,c5 f for the fcc!, rc denotes the DOS fo
the crystal, andFcs is the coherent Green’s function fo
crystal given by Eq.~24! in which @r(e)#s has been replace
by rc(e).

An orthodox way to calculate the magnetic properties
the intermediate regime of the degree of structural disorde
first to prepare a structure using a method of relaxed de
random packing of a hard-sphere model or a molecu
dynamics method,3 second to calculate the DOS@r(e)#s for
each structure using a tight-binding linear muffin-tin orbi
recursion method,32 third to calculateFs and z* @y#s from
Eqs. ~24! and ~25!, and finally one has to solve the sel
consistent equations~6!, ~20!, and ~23!. This procedure,
however, would require an enormous amount of calculatio

In this paper we adopt a simple interpolation method
obtain z* @y#s and Ks . We assume that the structure in th
be

-

is
se
r-

l

s.
o

intermediate regime of structural disorder is approximat
described by the parametersz* andD. Moreover, we assume
that z* @y#s and the self-energySs can be linearly interpo-
lated

z* @y#s5A1B~z* 2za* !1CD, ~30!

Ss5As1Bs~z* 2za* !1CsD. ~31!

The coefficients are determined from the values at th
points on the (z* ,D) plane~see Fig. 2!. Using the crystalline
bcc (zb* 58,0), the fcc (zf* 512,0), and an amorphous stru
ture (za* ,Da), we obtain

FIG. 2. Amorphous (a), bcc (b), fcc (f ), and liquid (l ) points
and the lines connecting them on the (z* ,D) plane. Herez* is the
average coordination number andD is the fluctuation of the nearest
neighbor interatomic distance. The pointc is the center of gravity
for the triangleab f.
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56 8811METALLIC MAGNETISM FROM CRYSTALS TO . . .
z* @y#s5
dzab*

dzf b*
zf* yf1

dzf a*

dzf b*
zb* yb1

dz*

dzf b*
~zf* yf2zb* yb!

1
D

Da
S za* ya2

dzab*

dzf b*
zf* yf2

dzf a*

dzf b*
zb* ybD , ~32!

~z* @y#sKs!215
dzab*

dzf b*

zf* yf

z* @y#s
~zf* yfK f s!21

1
dzf a*

dzf b*

zb* yb

z* @y#s
~zb* ybKbs!21

1
dz*

dzf b*
F zf* yf

z* @y#s
~zf* yfK f s!21

2
zb* yb

z* @y#s
~zb* ybKbs!21G

1
D

Da
F za* ya

z* @y#s
~za* yaKas!21

2
dzab*

dzf b*

zf* yf

z* @y#s
~zf* yfK f s!21

2
dzf a*

dzf b*

zb* yb

z* @y#s
~zb* ybKbs!21G . ~33!

Heredz* 5z* 2za* anddzab* 5za* 2zb* , for example.
We have calculated the change of noninteracting DOS

Fe (N57.0) and Ni (N59.1) as shown in Figs. 3 and 4
using Eqs.~32! and ~33!, and the average Green’s functio
as33

FIG. 3. Noninteracting densities of states~DOS! of Fe for vari-
ousD1/2 ~numerals in the figure! along theb-a line. Thed electron
number is assumed to beN57.0. The dotted curve~the curve for
D1/250.067! shows the input DOS for the bcc~amorphous! struc-
ture.
r

@G#s5(
z

p~z! (
n50

z

GS n,z,
1

2DG~z,n!, ~34!

G~z,n!5Fv1 id2e01m2w~0,z,n!

2H z2~2n2z!
@~dy!2#s

1/2

@y#s
J @y#sKsG21

. ~35!

We adopted the input DOS for Fe calculated by Moru
et al.34 ~the fcc structure; see Fig. 3! and Fujiwara35 ~the bcc
and amorphous structures; see Fig. 4!. For Ni, we assumed
the same input DOS, but their bandwidths were scaled by
ratio 0.364/0.441, i.e., the width of fcc Ni divided by that
fcc Fe.34 Moreover, we adoptedza* 511.5,36,37 zb* 58,
zf* 512, andDa

1/250.067.36,37 The structural disorder is in
troduced along thec-a line on the (z* ,D) plane:
z* 5zc* 1(za* 2zc* )D/Da ~c5b for Fe andc5 f for Ni; see
Fig. 2!.

Calculated DOS’s continuously change from one to a
other by varyingD from 0 toDa . In particular, the valley of
the DOS near20.01 Ry in Fe is gradually filled up and th
main peak near the top of the DOS shifts to the high
energy region with increasingD, while the peak near the
center of the DOS in Ni is worn out by introducing th
degree of structural disorder.

Solving the self-consistent equations for@^m&#s and
@^m&2#s @Eq. ~6!#, w(j,z,n) @Eq. ~12!#, andLs @Eq. ~23!#
together with Eqs.~30! and ~31!, we obtain the magnetic
properties of itinerant electron systems from crystals
amorphous structures. Other magnetic properties such a
amplitude of the LM@^m2&# and a static spin correlation
@^m0&^m1&#s between the neighboring LM’ŝm0& and^m1&
are obtained as~see the Appendix in Ref. 39!

@^m2&#s53N2
3

2D
N21S 11

1

2D
D S @^j2&#s2

2

b J̃
D ,

~36!

FIG. 4. Noninteracting DOS of Ni (N59.1) for variousD1/2

~numerals in the figure! along the f -a line. The curve with
D1/250.0 ~the dotted curve! shows the input DOS for the fcc~amor-
phous! structure.
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@^m0&^m1&#s5
1

z* F ^m0&(
j

z

^mj&G
s

5
1

z* (
z

p~z! (
n51

z

GS n,z,
1

2D
3 (

k50

n

(
l 50

z2n

G~k,n,q!G~ l ,z2n,q!^j&~z,n,k,l !

3@2~k1 l !2z#. ~37!

The present theory takes into account the fluctuations
to structural disorder as well as thermal spin fluctuations
the crystalline limit, the theory reproduces quantitatively t
Stoner model obtained in the band calculations at the gro
state and also reproduces quantitatively the Curie temp
tures obtained with use of fulld orbitals within the single-
site approximations38 because of the inclusion of Hund’s ru
coupling. In the limit of the amorphous structure, it quan
tatively reproduces the average local densities of st
obtained from the first-principles band-structu
calculations14,39,40and describes the spin-glass states cau
by the structural disorder at finite temperatures. In the in
mediate region of structural disorder, the theory interpola
between the two limits with use of two basic parameters:
average coordination numberz* and the degree of structura
disorderD.

We used theD-fold equivalent band model in the prese
theory. The model is suitable for the theory based on
Bethe-type approximation and greatly reduces compu
time in the numerical calculations. The use of the fulld
orbitals in the calculations does not introduce any new as
within the Bethe-type approximation, though it would be s
nificant if the Bethe-type approximation were overcome. T
problem of the directional bonding and its fluctuations due
structural disorder associated with the three-body corr
tions and the angular part ofd orbital is left for future work.

III. NUMERICAL RESULTS

A. Iron

As has been mentioned in the Introduction, the magnet
of Fe is expected to be very sensitive to the structural dis
der. In this subsection we investigate the magnetic prope
of Fe varying (z* ,D) along the linesb-a, b-c-a, andc- l in
Fig. 2. We adoptedN57.0 and J̃50.059 045 Ry, which
have been used in our previous works.11,13,14A set of param-
eters leads to the ground-state magnetization 2.216mB for
bcc Fe. Other input parameters were given in the preced
section.

In Fig. 5 we show various magnetic moments and sta
spin correlations between the NN LM’s at 50 K as a functi
of D along the lineb-a. Calculated magnetization gradual
decreases first with introducing structural disorder. It beg
to show the ferromagnetic instability beyondD1/2'0.05 and
finally disappears atD1/250.0583. At this point, Fe show
the transition from the ferromagnetism to the SG since
SG order parameter@^m&2#s

1/2 remains beyondD1/250.0583,
as seen in Fig. 5.
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These behaviors are explained by the gradual decreas
the noninteracting DOS at the Fermi level caused by the s
of the main peak to the higher-energy region, as shown
Fig. 3. It should be noted, however, that the ferromagne
instability occurs before the Stoner instability poi
(D1/250.0635) where the condition@r(0)#sJ̃/251 is satis-
fied. This shows that the disappearance of the ferrom
netism is realized by the reversal of LM’s with increasingD.
In fact, we find such a reversal of LM’s in the distributio
function g(M ), as shown in Fig. 6. The width of the distr
bution function g(M ) first increases around the avera
value of LM’s @seeg(M ) at D1/250.040]. A further increase
of D causes the reversal of LM’s@seeg(M ) at D1/250.055
and 0.0575] and yields a broad distribution of LM’s~from
22.6mB to 2.6mB! in the SG state atD1/250.060.

FIG. 5. Various magnetic moments of Fe~@^m&#s , the lower
solid curve; @^m&2#s

1/2, dotted curve;@^m2&#s
1/2, the upper solid

curve! at 50 K and the effective Bohr magneton number~meff ,
dotted curve! along theb-a line. The nearest-neighbor~NN! static
spin correlation at 50 K (@^m0&^m1&#s /@^m&2#s

1/2) is also presented
by the thin solid curve.

FIG. 6. Calculated distribution functions of Fe local mome
~LM ! @g(M )# at 50 K for variousD1/2 along theb-a line.
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56 8813METALLIC MAGNETISM FROM CRYSTALS TO . . .
The NN magnetic couplings atD1/250.060 are mainly
ferromagnetic, as shown in Fig. 7.@Note that
2F1

(e)(j,z,n) means the magnetic energy gain of the cen
LM when the neighboring LM with amplitudex points up.#
Therefore, the SG state in this region is regarded as the c
ter SG with NN ferromagnetic spin correlations. The form
tion of the SG is caused by the competition between the
ferromagnetic interactions and the long-range antiferrom
netic ones via effective medium.11 On the other hand, the NN
magnetic couplings forD1/250.07 possess the strong nonli
earity of theS-type curves as shown in Fig. 8. This mea
that the central LM’s with large amplitudeuju ferromagneti-
cally couple to the neighboring LM’s, while the LM’s with
small amplitudes antiferromagnetically couple to the nei
boring ones. Since the amplitudes of LM’s are strongly
fluenced by their local environments, the nonlinear magn
couplings cause the competition between the ferro-
antiferromagnetic NN couplings and therefore the SG aro
D1/250.07 due to structural disorder. The two kinds
mechanisms for the formation of SG’s mentioned above a
explain why calculated NN spin correlations shown in Fig
are ferromagnetic aroundD1/250.06, while they almost dis
appear or even show the antiferromagnetic correlati
aroundD1/250.07.

Temperature variations of calculated magnetic mome
and inverse susceptibilities are presented in Fig. 9 for vari

FIG. 7. Exchange pair energies@2F1
(e)(j,10,n)# of amorphous

Fe ~z* 510.686 andD1/250.0587! for various local environments
~n is the number of contracted atoms on the NN shell, which
shown by the numerals in the figure!. Arrows indicate the amplitude
@^j2&n#s

1/2 under the given environmentn.

FIG. 8. Same as in Fig. 7, butz* 511.820 andD1/250.070.
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degrees of structural disorderD along theb-a line. The mag-
netization vs temperature (M -T) curve for bcc Fe approxi-
mately follows the Brillouin curve. When we increaseD, the
magnetization as well as the Curie temperature decreases
the M -T curve deviates downward from the Brillouin on
The amplitudes of LM’s show a rather small temperatu
variation and keep a constant value of about 3mB above the
Curie temperature.

Calculated inverse susceptibilities (x21) follows the
Curie-Weiss law at high temperatures, as seen from Fig
The effective Bohr magneton numbers obtained at high te
peratures (;2000 K) gradually increase as the ferroma
netism is weakened with the introduction of structural dis
der ~see Fig. 5!. The inverse susceptibilities deviate from th
Curie-Weiss law forD1/250.067 and 0.070, and show up
ward convexity by a linear temperature variation of the a
plitude of LM’s (^j2&).39

We obtained the magnetic phase diagram from the te
perature variations of LM’s shown in Fig. 9. The result
presented in Fig. 10. The calculated Curie temperatureTC in
the bcc Fe is 2020 K, which is overestimated by a factor o
as compared to the experimental value~1040 K! because of

e

FIG. 9. Magnetizations (M5@^m&#s), the spin-glass order pa
rameter (@^m&2#s

1/2, dotted curves!, inverse susceptibilities (x21),
and the amplitudes of LM (@^m2&#s

1/2) in Fe as functions of tem-
peratureT for variousD1/2, which are shown by the numerals in th
figure.

FIG. 10. Magnetic phase diagram of Fe along theb-a line. F,
SG, andP indicate the ferromagnetism, the spin glass, and
paramagnetism, respectively. The experimental Curie tempera
for bcc Fe and the SG temperature1,12 are shown byj.
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the molecular field approximation in our theory. It monoton
cally decreases with increasingD along the b-a line.
The ferromagnetism completely disappears at (z*
510.72,D1/250.059) and the SG appears beyond it. Cal
lated SG transition temperaturesTg vary from 240 K
(D1/250.059) to 90 K (D1/250.070). The SG found in Fe
rich amorphous alloys with more than 90 at. % Fe~Refs. 1,
and 4–7! can be explained by the present theory
0.06&D1/2&0.07. The fluctuation of the interatomic distan
D1/2 obtained from the recent x-ray experiment is 0.068~Ref.
36! for Fe90La10 amorphous alloys showing the SG. The S
temperatures in Fe-rich alloys are about 110 K beyond
at. % Fe, irrespective of the second element.1 These results
are consistent with our phase diagram.

As seen from the calculated phase diagram~Fig. 10!,
there is a narrow region 0.058<D1/2<0.059 showing the re-
entrant spin glass~RSG!. A typical temperature variation o
the LM and susceptibility is shown in Fig. 11 fo
D1/250.0587. The magnetization appears atTg5122 K and
shows the maximum at 180 K. The susceptibilities in t
RSG are huge, as shown in Fig. 11@note that x51.2
~102mB /Ry atom! for bcc Fe at room temperature!, and show
the divergence at bothTg andTC .

In our previous papers we attributed the RSG behavior
the detailed balance between short-range ferro- and ant
romagnetic interactions, which is dominated by the am
tude fluctuations. The amplitude (@^j2&#s

1/2) in the present
case, however, hardly changes with increasing temperatu
as shown in Fig. 11. To examine the mechanism for
formation of the RSG, we present the distributions of LM
near the SG-F boundary and the susceptibilities in vario
local environments in Figs. 12 and 13, respectively.

As seen from Fig. 7, the LM’s with more than seve
contracted atoms on the NN shell have a small magnitud
LM’s and show weak antiferromagnetic couplings wi
neighboring LM’s, while the LM’s with fewer than six con
tracted atoms have a large amplitude of LM’s and show
strong ferromagnetic couplings. The former LM’s main
contribute to the distribution of the regionuM u&1mB and
the latter to that ofuM u*1mB in the distribution function
g(M ) at 50 K shown in Fig. 12. When the temperature
raised, the LM’s having weak antiferromagnetic couplin

FIG. 11. Magnetization (M5@^m&#s), the SG order paramete
(@^m&2#s

1/2), amplitude (@^j2&#s
1/2), and susceptibility~x! of Fe as a

function of temperature (T) near the F-SG boundary at
D1/250.0587 on theb-a line.
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first ‘‘melt’’ and the paramagnetic component atM50 de-
velops. There is a temperature region where the most of
LM’s having weak antiferromagnetic couplings melt, but t
LM’s having strong ferromagnetic couplings still rema
@e.g.,g(M ) at 150 K#. The ferromagnetic couplings are rela
tively enhanced there; therefore, the RSG behavior can
realized. The calculated local susceptibilities for the LM
@^m&n#s with n<3 nearTg are enhanced several times, a
though they are enhanced only a few times forn>7, as
shown in Fig. 13. This behavior supports the mechanism
the RSG mentioned above.

We have also performed the same calculations along
b-c-a line. The results are presented in Figs. 14 and
With increasingD, both the magnetization and the Cur

FIG. 12. Temperature variation of the distribution functio
@g(M )# of Fe near theF-SG phase boundary along theb-a line.

FIG. 13. Local susceptibilities (xn) of Fe in various environ-
ments specified byn, the number of contracted atoms on the N
shell at 35 K~n! and 100 K~d! in the SG state near theF-SG
phase boundary along theb-a line.
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56 8815METALLIC MAGNETISM FROM CRYSTALS TO . . .
temperature decrease, showing behaviors similar to the
sults along theb-a line. The RSG behavior occurs in th
range 0.037,D1/2,0.042 along thec-a line and the SG ap-
pears beyondD1/250.042 on the line. The critical value
z* 510.57,D1/250.042 for the ferromagnetic instability ar
smaller than those along theb-a line, i.e., z* 510.72,
D1/250.059.

The remaining problem in connection to the experimen
data is why the amorphous Fe containing H, C, and O im
rities and amorphous Fe inferred from Fe-B alloys19 show
ferromagnetism instead of the SG. We examined the ra
distribution function for the former24 and obtained the value
z* '10.5, which is smaller than the valuez* '11.0 obtained
from amorphous Fe90La10 alloys,36 although theD1/2 are ap-
proximately the same for both systems. We therefore ca
lated the magnetic moments along thec- l line in which
z* '10.5. Figure 16 shows that the calculated magnetiza
increases with increasingD1/2 and becomes comparable
the experimental value 1.4mB aroundD1/250.07. Thus the
ferromagnetism of amorphous Fe with H, C, and O impu
ties is explained by a smaller coordination numberz* '10.5,
which is rather close to the liquid value.

B. Cobalt and nickel

Cobalt and nickel do not have any competing interacti
but their ferromagnetism is expected to be changed by

FIG. 14. Same as in Fig. 5, but the results along theb-c-a line.

FIG. 15. Same as Fig. 10, but the result along theb-c-a line.
The arrow shows the pointc defined in Fig. 2.
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structural disorder. We present first the results of calculati
for Co. We adopted the same input DOS as in Fe since
shapes of the DOS’s are known to be common to 3d transi-
tion metals for the same crystal structure. The bandwid
are scaled commonly by the ratio 0.393/0.441, the ratio
the bandwidth of fcc Fe to that of fcc Co.34 The d electron
number is assumed to beN58.1 and the effective exchang
energy parameterJ̃50.100 Ry for Co. These values hav
been used in our previous works13 and yield the ground-state
magnetizations 1.57mB for the amorphous structure, 1.51mB
for the bcc structure, and 1.69mB for the fcc structure. The
values should be compared with the experimental val
1.72mB , 1.53mB , and 1.74mB , respectively.

The results of calculations for Co are presented in Fig.
The magnetization at 150 K hardly changes with increas
the degree of structural disorder along thef -a line. The
width of the LM distribution is also very small because
the strong ferromagnetism with no competitio
„(@^m&2#s2@^m&#s

2)1/2'0.05mB at 300 K and D1/250.06
along thef -a line, for example…. The calculated Curie tem
peratures for fcc and bcc structures are 2480 K and 268

FIG. 16. Same as in Fig. 5, but the results along thec- l line.
The experimental point for amorphous Fe containing 2 wt. % H
wt. % C, and 1 wt. % O~Ref. 24! is shown byj.

FIG. 17. Magnetization at 150 K (M ), Curie temperature (TC),
and the effective Bohr magneton number (meff) of Co as a function
of D1/2 along the f -a line. The dotted curve forTC is the result
along theb-a line. The experimental ground-state magnetizati
for the fcc and amorphous Co are shown byj ~Ref. 30!.
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8816 56Y. KAKEHASHI, T. UCHIDA, AND M. YU
respectively, which are overestimated by a factor of 1.8
compared to the experimental values@1400 K for fcc Co and
1500 K for bcc Co~Ref. 43!# because of the molecular fiel
approximation. The Curie temperatureTC gradually in-
creases with increasingD1/2 and tends to saturate aroun
D1/250.07. The enhancement of strong ferromagnetism
been explained by the magnetic energy gain associated
the shift of the main peak in the noninteracting DOS to
Fermi level due to structural disorder.13 The curve forTC
along theb-a line also shows the similar behavior. It turn
out that there is no maximum ofTC in the intermediate re-
gion of degree of structural disorder. Therefore, it is imp
sible theoretically to increaseTC by annealing the amor
phous structure in Co-rich amorphous alloys. We have a
calculated the paramagnetic susceptibilities along thef -a
line. They follow the Curie-Weiss law. The calculated effe
tive Bohr magneton number does not show a drastic cha
with increasing structural disorder, as shown in Fig. 17.

In the case of Ni, we adopted the input DOS for Fe sc
ing the bandwidth by the ratio 0.364/0.393 for fcc and b
structures34 and the ratio 0.262/0.393 for amorphous stru
tures. In the evaluation of the latter ratio, the effects of v
ume change were taken into account. We adopted thed elec-
tron numbersN59.0 and 9.1, since the results are rath
sensitive toN, and the effective exchange energy parame
J̃50.060 Ry. The set of these parameters yields the grou
state magnetizations 0.72mB (N59.0) and 0.63mB (N59.1)
for fcc Ni, which should be compared with the experimen
value 0.615mB .

Figure 18 shows the calculated magnetization vsD curves
along the f -a line. The magnetization monotonically de
creases and the first-order phase transition from the ferro
the paramagnetic state occurs with increasingD for N59.1.
This behavior is explained by the shift of the main peak
the lower-energy region, leading to the decrease of DOS
the Fermi level~see Fig. 4!. The magnetization forN59.0
also decreases first with increasingD, but tends to become
constant beyondD1/2'0.065. It decreases and vanishes

FIG. 18. Calculated magnetizations~M , solid curves! at 50 K
and the effective Bohr magneton number~meff , dotted curve! for Ni
(N59.0) along thef -a line. The solid curve witha- l shows the
magnetization curve along thea- l line. The result ofM for the d
electron numberN59.1 is also presented. The experimen
ground-state magnetization for the fcc and amorphous Ni are sh
by j ~Refs. 26 and 44!.
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D1/250.077 when we changeD1/2 from 0.067 to 0.080 along
the a- l line. This is again explained by the decrease of
noninteracting DOS@r(0)#s at the Fermi level due to struc
tural disorder. The magnetization curves forN59.0 seem to
explain the experimental dataM50.615mB for the fcc Ni
(D1/250.0), M50.45mB for amorphous Ni (D1/2'0.063)
~Refs. 26 and 44!, and M50.0mB for liquid Ni
(D1/250.083) ~Refs. 29 and 42! as shown in Fig. 18.

Calculated inverse susceptibilities show the Curie-We
law at high temperatures. The effective Bohr magneton nu
ber rapidly increases beyondD1/2'0.06 with the appearanc
of weak ferromagnetism.

The calculated Curie temperature for Ni is presented
Fig. 19 as a function ofD. The Curie temperature monoton
cally decreases with increasingD for both N59.0 and
N59.1. It decreases further along thea- l line and vanishes
at D1/250.08. These behaviors demonstrate that more st
tural disorder yields lower Curie temperature in Ni and the
fore explain qualitatively the change in experimentalTC
from the fcc to amorphous and liquid structures in Ni.
particular, we predict from the experimental data presen
in Fig. 1 thatD~Ni-Y !.D~Ni-La! around 90 at. % Ni.

IV. SUMMARY

We have developed a theory of metallic magnetism t
interpolates between crystals and amorphous structures.
theory is based on the functional integral technique desc
ing spin fluctuations at finite temperatures and the distri
tion function method describing the fluctuations of LM’s du
to structural disorder. The electronic structures in the int
mediate region are specified by the fluctuation of interatom
distanceD and the average coordination numberz* in the
present theory.

We applied our theory to Fe, Co, and Ni and demo
strated that the magnetism changes drastically dependin
the degree of structural disorder specified by a set of (z* ,D).
In Fe, we have shown that the introduction of structural d
order decreases the magnetization along theb-a andb-c-a
lines. The transition from the ferromagnetism to the SG
curs atz* 510.7 andD1/250.06 ~z* 510.6 andD1/250.04!
along the lineb-a (b-c-a). The ferromagnetism is, how

l
n

FIG. 19. Calculated Curie temperature along thef -a line for
N59.0 and 9.1. The Curie temperature along thea- l line is also
presented. The experimental data for fcc, amorphous~Refs. 26 and
41!, and liquid~Refs. 29 and 42! structures are shown byj.



ne

ith
n
b

,
e
F

no
or-
o
-
ra

g-
uid
m-
by

dis-
of
ents
ens-
ag-

or
ce,

56 8817METALLIC MAGNETISM FROM CRYSTALS TO . . .
ever, enhanced when we increaseD with constantz* along
thec- l line. The SG withTg5110 K in Fe-rich Fe-Zr, Fe-Y,
and Fe-La alloys with more than 90 at. % Fe are explai
by a structure (z* ,D)'(11.5, 0.067) along theb-a or b-c-a
line, while the ferromagnetism of Fe-rich Fe-B alloys w
more than 90 at. % Fe and the ‘‘amorphous Fe’’ with co
tamination of several wt. % H, C, and O can be explained
a structure (z* ,D)'(10.5, 0.07) along thec- l line. We also
found the RSG at the boundary betweenF and SG states
which are realized by a change in detailed balance betw
F and AF couplings caused by a melt of LM’s having A
couplings.

We have verified that the ferromagnetism in Co is mo
tonically enhanced with the introduction of structural dis
der along both thef -a and b-a lines, so that there is n
maximum inTC in the intermediate regime. In Ni, the ferro
magnetism is weakened with the introduction of structu
disorder, but the results are rather sensitive to thed electron
number N. The results withN59.0 along thef -a- l line
d

-
y

en

-

l

explain the ferromagnetism in fcc Ni, the weak ferroma
netism in amorphous Ni, and the paramagnetism in a liq
structure. We have also explained the different Curie te
perature obtained from amorphous Ni-Y and Ni-La alloys
means of the different D along the f -a line:
D~Ni-Y ! . D~Ni-La!.

These conclusions show that the degree of structural
order plays an important role in the basic magnetism
amorphous metals and alloys. Simultaneous measurem
of structures and magnetic properties are therefore indisp
able for the understanding of the amorphous metallic m
netism.
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