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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 distan@(eSR)z]é’Z/[R]s, the average coordination number, and tempera-
ture. (Here[ ] denotes the structural averagd.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 ferromagnetisfthe spin glassare explained by the parameters~10.5 (z*~11.5) and
[(5R)2]§’2/[R]Sw0.07. The Curie temperaturd §) 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, T decreases with increasing degree of structural disorder. The latter explains Viagiasgound by an
extrapolation of the experimental data in Ni-rich amorphous allf$8163-18207)03538-9

I. INTRODUCTION taining 2 wt. % H, 3 wt. % C, and 1 wt. % O were also
reported to show the ferromagnetism with the magnetization
Much effort has been concentrated on the amorphous mer-.4u; at the ground stat&'

tallic magnetism towards understanding magnetic properties Apart from the effects of the second elements in the amor-

of amorphous pure metals and their amorphous alloys closghous Fe alloys, one of the possible origins that may cause

to pure metals in the past decadéand yielded the discov- e contradictory experimental results for amorphous Fe

eries of peculiar magnetic properties of amorphous Fe, Cqyeniigned above is the volume change. We therefore inves-

and Ni as well as much controversy of their experimentaltigateol the volume dependence of the magnetism in amor-

data. phous Fe and found the-SG-P transition with decreasing

In Fe-rich amorphous alloys containing early transition 25 : .
. ; - volume? (HereP denotes the paramagnetigim particular,
metals, it was found that the Curie temperaturBg)(rapidly we found that the equilibrium volume of amorphous Fe is

decrease beyond 80 at. % Fe and spin glaéS€ss) appear
beyond 90 at. % F&2°Since the SG transition temperatures 8XPected to be close to the phase boundary betweand
(T,) hardly depend on the second elements, it was consigd®C and therefore discussed the possibility of the appearance

ered that the SG is caused by the structural disorder bein@f ferromagnetism in Y/amorphous Fe/Y film due to volume
intrinsic in the amorphous pure Fe. In order to elucidate th&Xpansion. o _ _ _
magnetic phase in Fe-rich amorphous alloys, we developed a The second origin that can yield nonunique experimental
finite-temperature  theory of amorphous metallic results in amorphous Fe is a detailed change in microscopic
magnetisti 14 on the basis of the functional integral amorphous structure. The size difference between Fe and the

method®” and the distribution function methdd.The second elements, the difference in chemical bond with the
theory explained the SG of amorphous Fe in a reasonablgeecond elements, and the different preparation techniques
range of parameters by means of a competition betweemay cause different amorphous structures and therefore dif-
ferro- and antiferromagnetic interactions due to the nonlineaferent magnetic properties.
magnetic couplings and the local environment effects on the The nonunique magnetism due to different microscopic
amplitude of local magnetic momeris. structures seems also to be seen in amorphous Ni. As shown
It is well known, on the other hand, that an extrapolationin Fig. 1 as an example, the Curie temperaturég)(in
of magnetization in amorphous & _. (c<0.9) alloys amorphous Ni-Y2® Ni-Zr,?” and Ni-La(Ref. 28 do not agree
yields a large magnetic moment 2.2 for amorphous pure even beyond 90 at. % Ni and yield different values of ex-
Fe, showing rather strong ferromagnetisi) (:° The experi-  trapolatedT for amorphous pure Ni. The concentration de-
mental data were often referred to in the literature for thependence of the Weiss constants in liquid Fe-Ni affdgsig-
ground-state electronic-structure calculations to justify thegests that Ni with liquid structure would be nonmagnetic.
theoretical result&-?? According to more recent experimen-  The purpose of the present work is to investigate the me-
tal investigations, the amorphous Fe in Y/Fe/Y film showstallic magnetism of Fe, Co, and Ni from crystals to amor-
the ferromagnetism with the ground-state magnetizatiopphous structure to explain nonunique experimental data men-
1.2ug though the magnetization shows the strong thicknestioned above by means of the degree of structural disorder.
dependencé& Moreover, the amorphous Fe powders con- We organize our paper as follows. We first develop in
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T - Introducing effective mediunt,, into the diagonal term
£ © (Liq.Fe-Ni)

of the one-electron Hamiltonian with random exchange po-
tentials, we expand the deviation from the effective medium
in the energy functional with respect to the site. By making
. use of the molecular field approximation for the surrounding
field variables, the central LM is given by the number of
nearest neighbor@\N’s) z, the surroundlng LM's{(m;)},

§ the squares of transfer integralg; _t,o} the effective self-

® energy{S,} describing the effects of structural disorder out-
0.7 side the NN’s, and the effective mediy,} describing the
thermal spin fluctuationgsee Eq.(2.23 in Ref. 12:

Te (K)

Concentration

FIG. 1. Curie temperatures in amorphous Nit®) (Ref. 26, J dgge—ﬁw(g)
Ni-Zr (O) (Ref. 27, and Ni-La(O) (Ref. 28 alloys. The dotted 2 1 _
curve shows the Weiss constant in liquid Fe-Ni allgigef. 29. (mo)(z,{(mj)},{toj},{ﬁ(, 1S = -
f dge AV
Sec. Il a theory that describes the finite-temperature magne- )

tism with any degree of structural disorder, interpolating be-
tween crystals and amorphous structure. The microscopi
atomic structures between the bcc, fcc, and amorphous struENeroy in the molecular field approximation. .

tures are characterized by an average coordination number In the disordered system the surr_oundmg physical guan-
7 and the fluctuations of interatomic distance 1ieSZ, {(m;)}, and{y;=tf} show a distribution. We define
A=[(6R)2]s/[R]2. HereR is the nearest-neighbor inter- tNeIr distributions ap(z), g((m;)), and p(y;), respec-

L tively. The distribution of the central LM is then obtained
atomic distance denotes the structural average, and
SR= :?_[IR] s uctu verag from these distributions via Eql). Since it should be iden-
s

tical to the surrounding ones, we obtain an integral equation
&)r the distribution function agsee Eq.58) in Ref. 14

|6|ereﬂ denotes the inverse temperature ang@) denotes the

In Sec. Il we apply the theory to Fe, Co, and Ni. Various
magnetic moments as well as susceptibilities are calculate
as a function ofz*, A, and temperatur&. We will demon-
strate in Sec. Ill A that both ferromagnetism and SG's areg(Mm)= 2 p(2) 5(M—<mo>)H [pdy)dy;g(m)dm].
possible in amorphous Fe with differezit andA. Moreover, i=1
we propose a mechanism of the formation of the reentrant 2
SG's that appear at the boundary betwéeand SG states. \ye adopt here the simplest form pz):

In Sec. Il B we will present the results of calculations for
Co and Ni. It is well known experimentally that the Curie P(2)=([Z"]+1-2") 8, ()t (2" —[2"]) O 1241, (D)
temperature of amorphous Co would be enharifefgisti-
matedT¢ is about 1850 K and is 450 K higher than that of
fcc Co. Our question in amorphous Co is whether or not the
Curie temperature can be enhanced more in the intermediate
degree of structural disorder. In the calculation of the mag- f m2" R g(mydm~[(m)2]2[(m)]s  (k=0,1), (4)
netism in Ni, we will demonstrate that the different degrees
of structural disorder yield different values ®f. We will
realize the ferromagnetism of fcc Ni, a weak ferromagnetism f (y—[y]s)z"Jrkps(y)dy%[(y—[y]s)z]gok (k=0,1),
of amorphous Ni, and the nonmagnetic state in Ni with liquid )
structure. Finally, we summarize our results in Sec. IV.

[ 1 being Gauss’s notation. By making use of the decoupling
approximation

we obtain the self-consistent equations fgm)]s and
IIl. FORMULATION

[(m)?], from Eq. (2) [see Eq(66) in Ref. 14,
We briefly review in this section the theory of amorphous [(W]s}zf { M

metallic magnetism>2and extend it so that one can de-  [[{m)?]s M?

scribe the magnetism in amorphous metals with any degree

of structural disorder. In the theory of amorphous metallic _ F( ) T'(k

magnetism, we start from the degenerate-band Hamiltonian E p(z)z 2 2 2 (k:n.a)

with Coulomb and exchange interactions and apply the func-

g(M)dM

tional integral techniqué’ The interacting Hamiltonian is I'(,z-n,q) [(6)(z.nk, |)]s} ©6)
then transformed into a one-electron Hamiltonian with ran- D& znk2

dom exchange fields acting on each site. The central local

moment(LM) is expressed as a classical average of the field 1 [(m)]s 7
variable ¢ on the same site with respect to an energy, which =7\t [<m>2]£2 : @)

consists of a one-electron free energy with random exchange
fields and Gaussian quadratic terms of the random falels In the present approximation, the atomic local environ-
Eqg. (3.19 in Ref. 17. ment is described by a contraction or a stretch of the NN
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atomic distance by (sR?)]Y? on the NN shell since the D
transfer integrals are connected to the interatomic distance &8o;(§,¥X,z,n)= j dof(w)—

t(R)xR * (k=3.8 for F8.3! Therefore, atomic and spin
configurations on the NN shell are expressed by the binomial

distribution  function  I'(k,n,q)  defined by x1m ; IN[1=FojoFjostos(E)to(rX)].
[n!/k!(n—Kk)!'1g*(1—q)" "X (&)(z,n,k,I) on the right-hand
side of Eq.(6) shows the LM’s with the local environment (14)

specified byz, n (the number of contracted atoms amang
NN atoms, k (the number of up spins on the contracted
atomsg, and| (the number of up spins on then stretched

The single-site-matrices on the central and neighboring
sites are expressed as

atoms: 3 ezt
= g T — o , 1
fdggefﬁwaz,n,k,n fost8) 1+[Ly(&2,n) =L TFooe(z,n) (15
<§>(Z,n,k,|): ' (8) L_ -1 —1
_ _ (vx)"" =L
d BY(&znk,l) _ A -
j * o) LTH[L(v) P =L R, (10
P(gznkD)=E(Ezn)+n@E(gzn)+(z-n) Here the Iocaton:(g) in the single-site approximation is

defined by Eq(11) in which the charge potential(¢,z,1)

(a) _ _ (e)
XOZ(6,2,0) ~[(2k=n) @7 (£,2.n) has been replaced by the single-site one.

[<m>2]§/2 The diagonal and off-diagonal coherent Green'’s functions
+(21=z+n)®'9(&,z,n)] — at the central site are given in the Bethe approximation as
[see Eqs(2.30 and(2.3)) in Ref. 12
9
is defi itudel £2), 112 [y 1A ]
Herex is defined by an amplitudg £)0]5“ and( ), means Fow(z)=| L, —[y]K,| z+(2n-2) ,

the thermal average in the single-site approximation. [yls
The single-site energl(£,z,n) on the right-hand side of (17)
Eq. (9) is expressed in thB-fold equivalent band model as

- " [(5y)21"
[see Eq.(3.1)) in Ref. 17] FoJ'gFjog:[y]s(li ?;] )K.%-FOOG'(Zan)Za (18)
_ D “1_p-1 s
E(f,z,n)—jdwf(w);lm ; In[L,(&zn) " *-L, K= (2= 81 19

_ 1~ Here sy=y—[y]s.
17_ - 2 s
T Foar(z,n) 1= Nw(g,z,n) + 4 & (10 The averaged coherent Green’s functiop is calculated

from
1~
L (&2z,n) 1=w+id—ey+u—wW(&2z,0)+ 5 Jéo+ ho.
(11) 7 v==

Here f(w) denotes the Fermi distribution functiob, is the

number of degenerag =5 for transition metals N is the 010 59= 0—[ 6], and 9=37_.y, .

d electron number, and is the effective exchange energy  Tpe quantitieis(éy)z]é’zl[Jy_]i énd[(&&)z]é’zl[a]s in Egs.

parameterey— u in Eq. (11) is the atomic level measured (17 (18) and(20) describe the effects of local fluctuations

from the chemical potentigk, h is the uniform magnetic f transfer integrals due to structural disorder on the NN

field, andéis an infinitesimal positive number. , shell. They are expressed by the fluctuations of the inter-
The charge potentia(§,z,n) in Egs. (10) and (11) is  4¢omic distanceA =[(5R)?]./[R]? as [see Eqgs.(90) and

determined from the charge neutrality condition for each Io-(gl) in Ref. 14 s s

cal environment £,n),

Lo+ [yl

5 211/2 -1
1+v[( o) s )Kg] .

[6]s

'I'I
Il
N -

(20)

29172
_D) _ B [(W) ]S — 1/2
N=J da)f(w)T Im ; [L,(&2,n) l_Eol —[y]s 2kA7, (21
+Fo(z,n) 1 7% (12 [(60)%]s  (Z*—[z*D([Z*]+1-2) +4K2A 22
2 7% 7% ’
The atomic and exchange pair energies for contracted [0
and stretched—) pairs in Eq.(9) are given by sincetxR X,
{(I)“”(g ml 1 1 The effective medium£,! is determined from the
A e ) herent-potential approximation conditimee Eq(2.67) in
= d.oi(£,vx,2,0), (13 €O P PP
PE(&,zn)| 2 V:Eﬂ —v| =0l Ref. 17
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Z E 1y [<§Z]i ){L_‘l(y[<g)2]1’2)—,/;‘1+F‘l}—l (DOY) [p(e€)]s for the noninteracting system
&2\ enR e )T Ee .
—F,. (23 F,= [ Ll (24)

—1_ y
L, —¢€

Here[(&)]s is nothing buf(m)] and[(&?)], is given by the

upper part of Eq(6) in which (£)(z,n,k,1) have been re- .

olaved by(E2)(z M), 2yl | ool (29
Equations(6)—(23) are what we obtained in our previous

works'?*4 and show that we can obtajkim)]s and[(m)?]s

self-consistently once we know the coordination numitfer We adopted in our previous works=the DOS[ p,(€)]

the degree of structural disorddr the average band width for amorphous transition metals calculated from an amor-

z*[y]s, and the effective self-energ§S,}. The latter two  phous structure witl?* =z% andAY?=A2? and obtained the

quantities are obtained from the average densities of state®lf-energys,, andK,,, solving Eq.(20) as

[(5(9 )2] B B 12
o7 Farke (Faoly'=1)
als

[(860.)]s
AN

2F L, -1+ 1+4

Z; YaKaoe= (26)

2l 1-

Here the suffixa is used to specify the quantities for the intermediate regime of structural disorder is approximately

amorphous structure and the sign should be chosen to lescribed by the parametess andA. Moreover, we assume

Im K,,<O. that z*[y]s and the self-energy,, can be linearly interpo-
The bandwidth parametet y, for amorphous structure is lated

obtained from Eq(25):

Z*[yls=A+B(z*—z;)+CA, (30
Z;ya:f €pa(€)de. 27
_ * _ ok
More important is that the theory also describes the mag- Se= At Bo(Z7=2) + CoA. (3D
netism in crystals. Equatior{26) and(27) are then replaced
by The coefficients are determined from the values at three
points on the £*,A) plane(see Fig. 2 Using the crystalline
25y Koo=L —Fot (28 bcc (2 =8,0), the fcc ¢F =12,0), and an amorphous struc-
ture (z; ,A,), we obtain
zye= | endterae @9 -
Here the suffixc is added to all the quantities for a crystal 0.006 7

(c=b for the bcc,c=f for the fcg, p. denotes the DOS for
the crystal, andr., is the coherent Green’s function for

2
S

crystal given by Eq(24) in which[p(€)]s has been replaced i 0.004 - 1
by pc(e). %

An orthodox way to calculate the magnetic properties in i~
the intermediate regime of the degree of structural disorder is < 0002 F 1

first to prepare a structure using a method of relaxed dense
random packing of a hard-sphere model or a molecular-
dynamics method,second to calculate the DQ$(€) ], for
each structure using a tight-binding linear muffin-tin orbital
recursion method third to calculateF,, and z*[y]s from
Egs. (24) and (25), and finally one has to solve the self- £ 2. Amorphous4), bee (), fee (f ), and liquid () points
consistent equations6), (20), and (23). This procedure, and the lines connecting them on tre (A) plane. Herez* is the
however, would require an enormous amount of calculationsaverage coordination number ands the fluctuation of the nearest-
In this paper we adopt a simple interpolation method toneighbor interatomic distance. The poinis the center of gravity
obtainz*[y]s andK,. We assume that the structure in the for the triangleabf.
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FIG. 3. Noninteracting densities of statd®0S) of Fe for vari-
ousAY? (numerals in the figupealong theb-a line. Thed electron
number is assumed to Bé=7.0. The dotted curvé&he curve for
AY2=0.067 shows the input DOS for the bdamorphous struc-
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Here 6z* =z* —z; and 6z3,=z; —z} , for example.

We have calculated the change of noninteracting DOS for

Fe (N=7.0) and Ni N=9.1) as shown in Figs. 3 and 4,
usi?g Egs.(32) and(33), and the average Green’s function
a
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Ni(f-a)

60

40

[Plw)ls (stateS/Ry atom)

20

[#] (Ry)

FIG. 4. Noninteracting DOS of NiN=9.1) for variousA*?
(numerals in the figupe along the f-a line. The curve with
AY2=0.0(the dotted curveshows the input DOS for the fdamor-
phous structure.

[Gls=2 z)E r(

1
) G(z,n), (39

G(z,n)=|w+i6— €yt u—w(0,z,n)
[(W)Z]UZ] }l

We adopted the input DOS for Fe calculated by Moruzzi
et al®* (the fcc structure; see Fig) and Fujiward (the bcc

and amorphous structures; see Fig. Bor Ni, we assumed
the same input DOS, but their bandwidths were scaled by the
ratio 0.364/0.441, i.e., the width of fcc Ni divided by that of
fcc Fe3* Moreover, we adoptedzt =11.52%3%" 7z} =s,

z¥ =12, andAY?=0.0673%%" The structural disorder is in-
troduced along thec-a line on the ¢*,A) plane:

¥ =27y +(z5 —z5)A/A, (c=b for Fe andc=f for Ni; see

Fig. 2.

Calculated DOS’s continuously change from one to an-
other by varyingA from 0 toA,. In particular, the valley of
the DOS near-0.01 Ry in Fe is gradually filled up and the
main peak near the top of the DOS shifts to the higher-
energy region with increasing, while the peak near the
center of the DOS in Ni is worn out by introducing the
degree of structural disorder.

Solving the self-consistent equations fptm)]s and
[(m)?]s [Eq. (6)], w(£,z,n) [Eq. (12], and £, [Eq. (23)]
together with Eqs(30) and (31), we obtain the magnetic
properties of itinerant electron systems from crystals to
amorphous structures. Other magnetic properties such as the
amplitude of the LM[(m?)] and a static spin correlation
[{mg){m;)]s between the neighboring LM‘&ny) and(m,)
are obtained asee the Appendix in Ref. 39

3
BJ

2 _3 2, 21 2
[(m“)]s=3N T [(§9)]s— —=

(36)
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[<m0><m1>]szzi*{<mo>; <mj>}

Km2y)2

1 z 1 2
=% 2 P22 I(nz3 ~ 2 ] g
z z n=1 2 g ;\m
n z—n ~ . 1 05 \é:
2 ", Kmy2ll? 2
x 3 3 Tkngl(,z-na)(&)(znkl) 1 N 3
k=0 I=0
Kmd)g
X[2(k+1)—2z]. (37 o . . .10
0 0.02 0.04 0.06 0.08
The present theory takes into account the fluctuations due A2 = (GRIVYIR],

to structural disorder as well as thermal spin fluctuations. In

the crystalline limit, the theory reproduces quantitatively the FIG. 5. Various magnetic moments of Fgm)]s, the lower
Stoner model obtained in the band calculations at the grounsblid curve;[(m)2]¥2, dotted curve;[(m?)]¥%, the upper solid
state and also reproduces quantitatively the Curie tempergurve at 50 K and the effective Bohr magneton numiger,
tures obtained with use of full orbitals within the single- dotted curvg along theb-a line. The nearest-neighb¢NN) static
site approximation because of the inclusion of Hund’s rule Spin correlation at 50 KI(mo)(my)]s/[(m)?]2) is also presented
coupling. In the limit of the amorphous structure, it quanti- Py the thin solid curve.

tatively reproduces the average local densities of states _ _
obtained from the first-principles  band-structure These behaviors are explained by the gradual decrease of

calculations*3°*%and describes the spin-glass states causetiie noninteracting DOS at the Fermi level caused by the shift
by the structural disorder at finite temperatures. In the interof the main peak to the higher-energy region, as shown in
mediate region of structural disorder, the theory interpolate&ig. 3. It should be noted, however, that the ferromagnetic
between the two limits with use of two basic parameters: thénstability occurs before the Stoner _instability point
average coordination numbet and the degree of structural (AY?=0.0635) where the conditiofp(0)]J/2=1 is satis-
disorderA. fied. This shows that the disappearance of the ferromag-
We used théD-fold equivalent band model in the present netism is realized by the reversal of LM’s with increasihg
theory. The model is suitable for the theory based on thén fact, we find such a reversal of LM’s in the distribution
Bethe-type approximation and greatly reduces computingunctiong(M), as shown in Fig. 6. The width of the distri-
time in the numerical calculations. The use of the fall bution function g(M) first increases around the average
orbitals in the calculations does not introduce any new aspestalue of LM’s[seeg(M) at AY?=0.040]. A further increase
within the Bethe-type approximation, though it would be sig-of A causes the reversal of LM[seeg(M) at AY?=0.055
nificant if the Bethe-type approximation were overcome. Theand 0.0575] and yields a broad distribution of LMfom
problem of the directional bonding and its fluctuations due to—2.6ug to 2.6ug) in the SG state ah>=0.060.
structural disorder associated with the three-body correla-

tions and the angular part dforbital is left for future work.
A'%=0.067
IIl. NUMERICAL RESULTS
A. Iron
A'%=0.060
As has been mentioned in the Introduction, the magnetism ;"_"‘—\—H—-J_l-\—m"_"&
of Fe is expected to be very sensitive to the structural disor- =
der. In this subsection we investigate the magnetic properties 2 A220.0575
of Fe varying ¢*,A) along the lines-a, b-c-a, andc-I in ; m
Fig. 2. We adoptedN=7.0 andJ=0.059 045 Ry, which >
have been used in our previous wolks>1*A set of param- A7220.085
eters leads to the ground-state magnetization .31fbr
bcec Fe. Other input parameters were given in the preceding ’_’—I_ .
section. ' ' '
In Fig. 5 we show various magnetic moments and static A"%=0.040
spin correlations between the NN LM'’s at 50 K as a function ﬁg M o)
of A along the lineb-a. Calculated magnetization gradually
decreases first with introducing structural disorder. It begins LI
to show the ferromagnetic instability beyond’>~0.05 and . -] - :
- - |

finally disappears ah?=0.0583. At this point, Fe shows
the transition from the ferromagnetism to the SG since the
SG order parametgfm)?]¥2 remains beyona 2= 0.0583, FIG. 6. Calculated distribution functions of Fe local moment
as seen in Fig. 5. (LM) [g(M)] at 50 K for variousA? along theb-a line.

M (HB)
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FIG. 7. Exchange pair energigs ®(®(£,10n)] of amorphous o B _
Fe (z* =10.686 andA2=0.0587 for various local environments FIG. 9. MagnetizationsNi =[(m)]), the spin-glass order pa-

27172 : A 1
(n is the number of contracted atoms on the NN shell, which ard@mMeter [(m)°]¢*, dotted curvek inverse susceptibilitiesy("*),

shown by the numerals in the figorérrows indicate the amplitude 2nd the amplitudes 0f1/|5M[<!'n )1%) in Fe as functions of tem-
[(£2) Y2 ynder the given environment peratureT for variousA <, which are shown by the numerals in the
nis

figure.
The NN magnetic couplings at*?=0.060 are mainly
ferromagnetic, as shown in Fig. 7.[Note that
—<1>(f)(§,z,n) means the magnetic energy gain of the centra
LM when the neighboring LM with amplitude points up]

degrees of structural disordaralong theb-a line. The mag-
petization vs temperaturéM-T) curve for bcc Fe approxi-
mately follows the Brillouin curve. When we increadethe

. . Lo magnetization as well as the Curie temperature decreases and
Therefore, the SG state in this region is regarded as the clu g P

ter SG with NN ferromagnetic spin correlations. The forma-§ne M-T curve deviates downward from the Brillouin one.

) ) e he amplitudes of LM’s show a rather small temperature
tion of the S.G IS caus_ed by the competition betwegn the I\”\\-Ill-ariation and keep a constant value of abouz3above the
ferromagnetic interactions and the long-range antiferroma

g- .
netic ones via effective mediuf.On the other hand, the NN Cuggléirlg?:éatil:{férse susceptibilitiesx(l) follows the
magnetic couplings fod 2=0.07 possess the strong nonlin- Curie-Weiss law at high temperatures, as seen from Fig. 9
earity of theS-type curves as shown in Fig. 8. This means ' "

that the central LM’s with large amplitude| ferromagneti- The effective Bohr magneton numbers obtained at high tem-

cally couple to the neighboring LM’s, while the LM’s with peratures {2000K) gradually increase as the ferromag-

; ; . . netism is weakened with the introduction of structural disor-
small amplitudes antiferromagnetically couple to the neigh-

boring ones. Since the amplitudes of LM's are strongly in_der(see Fig. 5. The inverse susceptibilities deviate from the

fluenced by their local environments, the nonlinear ma netiCCurie-Weiss law forA *2=0.067 and 0.070, and show up-
X y s ' INelG ard convexity by a linear temperature variation of the am-
couplings cause the competition between the ferro- andlitude of LM's (<§2>) 39

antiferromagnetic NN couplings and therefore the SG aroundl We obtained the magnetic phase diagram from the tem-

AY2=0.07 due to structural disorder. The two kinds of L , i .
; . , ; erature variations of LM’s shown in Fig. 9. The result is
mechanisms for the formation of SG’s mentioned above alsg

explain why calculated NN spin correlations shown in Fi 5presented in Fig- 10. The calculated Curie temperalgrén
P y g 1/2_p : '9- Sthe bec Fe is 2020 K, which is overestimated by a factor of 2
are ferromagnetic arourd*'“=0.06, while they almost dis-

X . .__as compared to the experimental vald@40 K) because of
appear or even show the antiferromagnetic correlations
aroundA'?=0.07.

T T T T
Temperature variations of calculated magnetic moments
and inverse susceptibilities are presented in Fig. 9 for various 2000 Fe (b-a) |
T T T T T T
=~ 0 Fe (b-a) <
£ .0 z¢=11.820 ~ P
o 2 4220070 -
= . 0K 1000 . .
B 6
= ~.8 — ——
- 0 — T
¥ 10
&‘l’e“ 0 I 1 ISG 1
L ] 0 0.02 0.04 0.06 0.08
A" = (R (R,
1 1 1 L 1 1
-3 -2 - 0 ! 2 3 FIG. 10. Magnetic phase diagram of Fe along ha line. F,
£ (Ug) SG, andP indicate the ferromagnetism, the spin glass, and the

paramagnetism, respectively. The experimental Curie temperature

FIG. 8. Same as in Fig. 7, bat =11.820 andAY?=0.070. for bce Fe and the SG temperathitéare shown byM.
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Fe (b-a)
200K z%=10.806
4Y2=0,060
L 1 —|—‘_‘—|——- ]
S

H S
0 - L - 1 0 1
0 100 200 300 100K
T (K)

FIG. 11. Magnetization M =[(m)]s), the SG order parameter

M (HB)

1/2

km>2]

X (10“pg/Ry atom)

g(M) (HB™")

50K
([{m)21¥3), amplitude [(£2)]1¥?), and susceptibilitfy) of Fe as a
function of temperature T) near the F-SG boundary at . 1 S
AY2=0.0587 on theb-a line. 22 4 0 : 2
M (1B)

the molecular field approximation in our theory. It monotoni-

cally decreases with increasing along the b-a line. FIG. 12. Temperature variation of the distribution function
The ferromagnetism completely disappears at* ( [g(M)] of Fe near thec-SG phase boundary along thea line.
=10.72A%?=0.059) and the SG appears beyond it. Calcu-

|ated SG transition temperature'ﬁg Vary from 240 K first “melt” and the paramagnetic Component dt=0 de-
(AY?=0.059) to 90 K @*=0.070). The SG found in Fe- yelops. There is a temperature region where the most of the
rich amorphous alloys with more than 90 at. % (Refs. 1, | Mm's having weak antiferromagnetic couplings melt, but the
and 4-7 can be explained by the present theory if | M's having strong ferromagnetic couplings still remain
0065A1/25007 The fluctuation of the interatomic distance [eg,g(M) at 150 K:l The ferromagnetic Coup"ngs are rela-
A2 obtained from the recent x-ray experiment is 0.0B&f.  tively enhanced there: therefore, the RSG behavior can be
36) for Feygl.a;o amorphous alloys showing the SG. The SGrealized. The calculated local susceptibilities for the LM’s

temperatures in Fe-rich alloys are about 110 K beyond 9@<m>n]s with n<3 nearT, are enhanced several times, al-
at. % Fe, irrespective of the second elenfefihese results though they are enhanced only a few times foe7, as

are consistent with our phase diagram. _ shown in Fig. 13. This behavior supports the mechanism for
As seen from the calculated phase diagréfig. 10, the RSG mentioned above.
there is a narrow region 0.058\"<0.059 showing the re- e have also performed the same calculations along the

entrant spin glaséRSG. A typical temperature variation of p.-c-a line. The results are presented in Figs. 14 and 15.

the LM and susceptibility is shown in Fig. 11 for with increasingA, both the magnetization and the Curie
A'2=0.0587. The magnetization appearsTgt= 122 K and

shows the maximum at 180 K. The susceptibilities in the
RSG are huge, as shown in Fig. 1hote that y=1.2
(107ug /Ry atom for bee Fe at room temperatyr@nd show 5" e Fe (b-a)
the divergence at bothy, and T . zt;_‘g'g:;

In our previous papers we attributed the RSG behaviors to o
the detailed balance between short-range ferro- and antifer-
romagnetic interactions, which is dominated by the ampli-
tude fluctuations. The amplitudd (¢%)]Y?) in the present
case, however, hardly changes with increasing temperatures,
as shown in Fig. 11. To examine the mechanism for the
formation of the RSG, we present the distributions of LM’s
near the SG boundary and the susceptibilities in various A
local environments in Figs. 12 and 13, respectively. A ab,

As seen from Fig. 7, the LM’s with more than seven P S
contracted atoms on the NN shell have a small magnitude of ' . f o
LM’s and show weak antiferromagnetic couplings with
neighboring LM’s, while the LM’s with fewer than six con-
tracted atoms have a large amplitude of LM’s and show the
strong ferromagnetic couplings. The former LM’s mainly

contribute to the distribution of the regidgM|<1ug and FIG. 13. Local susceptibilitiesy(,) of Fe in various environ-
the latter to that of M[=1ug in the distribution function ments specified by, the number of contracted atoms on the NN
g(M) at 50 K shown in Fig. 12. When the temperature iSshell at 35 K(A) and 100 K(®) in the SG state near the-SG
raised, the LM’s having weak antiferromagnetic couplingsphase boundary along thea line.

T T T T T T

Xn (lO“llB/Ry atom)
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T T T T T T T
3 __\ 3 _____/"[(;2»'5/2
410
Km2>)/? ) ':‘/_,:r
& £
€ - z
- E <
? 2 e ., < 2 -
2 = - £
= 405 /Li b3 *g;
................. [<m>z]15/2 15 =~
1 Fe(b-c-a) | e = !
Kmd),
16 4o
0 i 1] 1 1 0 1 1 il
0 002 0.04 0.06 008 0.04 0.05 0.06 0.07
A7 = (BRIAYY/IR), A2 < RV Y IRI,
FIG. 14. Same as in Fig. 5, but the results alonglihe-a line. FIG. 16. Same as in Fig. 5, but the results along dheline.

The experimental point for amorphous Fe containing 2 wt. % H, 3

temperature decrease, showing behaviors similar to the r&t % C, and 1 wt. % QRef. 24 is shown byM.

sults along theb-a line. The RSG behavior occurs in the
range 0.03% AY2<0.042 along the-a line and the SG ap- structural disorder. We present first the results of calculations
pears beyond\'?=0.042 on the line. The critical values for Co. We adopted the same input DOS as in Fe since the
z*=10.57,AY?=0.042 for the ferromagnetic instability are shapes of the DOS’s are known to be common dotrZinsi-
smaller than those along thk-a line, i.e., z*=10.72, tion metals for the same crystal structure. The bandwidths
AY2=0.059. are scaled commonly by the ratio 0.393/0.441, the ratio of
The remaining problem in connection to the experimentathe bandwidth of fcc Fe to that of fcc G6.The d electron
data is why the amorphous Fe containing H, C, and O impunumber is assumed to ¢=8.1 and the effective exchange
rities and amorphous Fe inferred from Fe-B alfdyshow  energy parameted=0.100 Ry for Co. These values have
ferromagnetism instead of the SG. We examined the radiddeen used in our previous workand yield the ground-state
distribution function for the forméf and obtained the value magnetizations 1.57 for the amorphous structure, 153
z*~10.5, which is smaller than the vala&é~11.0 obtained for the bce structure, and 1.6§ for the fcc structure. The
from amorphous Fglay, alloys although theA*? are ap-  values should be compared with the experimental values
proximately the same for both systems. We therefore calcut. 72ug, 1.53ug, and 1.745, respectively.
lated the magnetic moments along the line in which The results of calculations for Co are presented in Fig. 17.
z*~10.5. Figure 16 shows that the calculated magnetizatiomhe magnetization at 150 K hardly changes with increasing
increases with increasing’? and becomes comparable to the degree of structural disorder along thea line. The
the experimental value 14 aroundA'?=0.07. Thus the width of the LM distribution is also very small because of
ferromagnetism of amorphous Fe with H, C, and O impuri-the strong ferromagnetism with no competition
ties is explained by a smaller coordination numifes 10.5, (([<m>2]s—[<m>]§)1/2”0-05us at 300 K andAY2=0.06
which is rather close to the liquid value. along thef-a line, for examplg. The calculated Curie tem-
peratures for fcc and bcc structures are 2480 K and 2680 K

B. Cobalt and nickel

Cobalt and nickel do not have any competing interaction, ' ' ' '
but their ferromagnetism is expected to be changed by the 43000
T T T ;
Fe (b-¢-a) - 2 42000 ~
21} '_U
2000 - 3.
b3
b - 1000
-~ P
=z Co (f-a)
— 1000 y
o . s . . 0
0 0.02 0.04 0.06 0.08
0o L . OSerTT—, A% WBRIEY Rl
. 04 . 0.08 . . .
0 002 00 008 FIG. 17. Magnetization at 150 KM), Curie temperatureT(c),
A72 = ((6R)212/ [R)g and the effective Bohr magneton numbeng) of Co as a function

of A¥2 along thef-a line. The dotted curve foll¢ is the result

FIG. 15. Same as Fig. 10, but the result along lthe-a line. along theb-a line. The experimental ground-state magnetization
The arrow shows the poimt defined in Fig. 2. for the fcc and amorphous Co are shownBly(Ref. 30.
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' 1000k Ni (f-a) .
1o | Ni (f-a)

M (Hp)
Tc ()

0 ! L L L 0 0.02 0.04 0.06 0.08

0 0.02 0.04 0.06 0.08
A2 = [(BRIAYY/[R)s

A" = BRIV IR],
FIG. 19. Calculated Curie temperature along fha line for

FIG. 18. Calculated magnetizatiofl, solid curveg at 50 K N=9.0 and 9.1. The Curie temperature along &eé line is also
and the effective Bohr magneton numijer,;, dotted curvifor Ni  presented. The experimental data for fcc, amorptieds. 26 and
(N=9.0) along thef-a line. The solid curve witha-1 shows the  41), and liquid(Refs. 29 and 4pstructures are shown Hii.
magnetization curve along trel line. The result ofM for thed
electron numberN=9.1 is also presented. The experimental  1/2_ 1/2
ground-state magnetization for the 12:0 and amorphous I\FlJi are shOW{Ah N 0'(-)77 Wh?n-we ch_ang& from 0.067 to 0.080 along
by B (Refs. 26 and 44 eq-l Ilne._ This is again explained by the decrease of the

noninteracting DO$p(0)]s at the Fermi level due to struc-

tural disorder. The magnetization curves b+ 9.0 seem to
respectively, which are overestimated by a factor of 1.8 agxplain the experimental datdl =0.615u5 for the fcc Ni
compared to the experimental valj@400 K for fcc Co and  (A'?=0.0), M=0.45ug for amorphous Ni AY?~0.063)
1500 K for bcc Co(Ref. 43] because of the molecular field (Refs. 26 and 44 and M=0.0ug for liquid Ni
approximation. The Curie temperatufB:. gradually in- (AY?=0.083) (Refs. 29 and 4Ras shown in Fig. 18.
creases with increasing’/? and tends to saturate around  Calculated inverse susceptibilities show the Curie-Weiss
AY2=0.07. The enhancement of strong ferromagnetism hakw at high temperatures. The effective Bohr magneton num-
been explained by the magnetic energy gain associated wither rapidly increases beyond’?~0.06 with the appearance
the shift of the main peak in the noninteracting DOS to theof weak ferromagnetism.
Fermi level due to structural disordEtrThe curve forT¢ The calculated Curie temperature for Ni is presented in
along theb-a line also shows the similar behavior. It turns Fig. 19 as a function oA. The Curie temperature monotoni-
out that there is no maximum @fc in the intermediate re- cally decreases with increasing for both N=9.0 and
gion of degree of structural disorder. Therefore, it is imposN=09.1. It decreases further along the line and vanishes
sible theoretically to increas&. by annealing the amor- at AY?=0.08. These behaviors demonstrate that more struc-
phous structure in Co-rich amorphous alloys. We have alstural disorder yields lower Curie temperature in Ni and there-
calculated the paramagnetic susceptibilities along fttee  fore explain qualitatively the change in experimenia
line. They follow the Curie-Weiss law. The calculated effec-from the fcc to amorphous and liquid structures in Ni. In
tive Bohr magneton number does not show a drastic changearticular, we predict from the experimental data presented
with increasing structural disorder, as shown in Fig. 17.  in Fig. 1 thatA(Ni-Y)>A(Ni-La) around 90 at. % Ni.

In the case of Ni, we adopted the input DOS for Fe scal-
ing the bandwidth by the ratio 0.364/0.393 for fcc and bcc
structured* and the ratio 0.262/0.393 for amorphous struc-
tures. In the evaluation of the latter ratio, the effects of vol- we have developed a theory of metallic magnetism that
ume change were taken into account. We adopted #lec-  interpolates between crystals and amorphous structures. The
tron numbersN=9.0 and 9.1, since the results are rathertheory is based on the functional integral technique describ-
sensitive taN, and the effective exchange energy parametersng spin fluctuations at finite temperatures and the distribu-
J=0.060 Ry. The set of these parameters yields the groundion function method describing the fluctuations of LM’s due
state magnetizations 0.43 (N=9.0) and 0.6gg (N=9.1)  to structural disorder. The electronic structures in the inter-
for fcc Ni, which should be compared with the experimentalmediate region are specified by the fluctuation of interatomic
value 0.61%p . distanceA and the average coordination numtzr in the

Figure 18 shows the calculated magnetizatiodwairves  present theory.
along thef-a line. The magnetization monotonically de- We applied our theory to Fe, Co, and Ni and demon-
creases and the first-order phase transition from the ferro- tetrated that the magnetism changes drastically depending on
the paramagnetic state occurs with increasinfpr N=9.1.  the degree of structural disorder specified by a sezbfX).

This behavior is explained by the shift of the main peak toln Fe, we have shown that the introduction of structural dis-
the lower-energy region, leading to the decrease of DOS airder decreases the magnetization alonghbthe andb-c-a

the Fermi level(see Fig. 4 The magnetization foN=9.0 lines. The transition from the ferromagnetism to the SG oc-
also decreases first with increasidg but tends to become curs atz* =10.7 andAY2=0.06 (z* =10.6 andA¥?=0.04
constant beyond\¥?~0.065. It decreases and vanishes atalong the lineb-a (b-c-a). The ferromagnetism is, how-

IV. SUMMARY
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ever, enhanced when we increasavith constantz* along  explain the ferromagnetism in fcc Ni, the weak ferromag-
thec-1 line. The SG withTy=110 K in Fe-rich Fe-Zr, Fe-Y, netism in amorphous Ni, and the paramagnetism in a liquid
and Fe-La alloys with more than 90 at. % Fe are explainedtructure. We have also explained the different Curie tem-
by a structure£*,A)~(11.5, 0.067) along thke-a orb-c-a  perature obtained from amorphous Ni-Y and Ni-La alloys by
line, while the ferromagnetism of Fe-rich Fe-B alloys with means of the different A along the f-a line:
more than 90 at. % Fe and the “amorphous Fe” with con-A(Ni-Y) > A(Ni-La).
tamination of several wt. % H, C, and O can be explained by These conclusions show that the degree of structural dis-
a structure £*,4)~(10.5, 0.07) along the-I line. We also  grger plays an important role in the basic magnetism of
found the RSG at the boundary betwelerand SG states, amorphous metals and alloys. Simultaneous measurements
which are realized by a change in detailed balance betweegk structures and magnetic properties are therefore indispens-
F and AF couplings caused by a melt of LM's having AF gpje for the understanding of the amorphous metallic mag-
couplings. netism.
We have verified that the ferromagnetism in Co is mono-
tonically enhanced with the introduction of structural disor-
der along both the-a and b-a lines, so that there is no
maximum inT¢ in the intermediate regime. In Ni, the ferro-
magnetism is weakened with the introduction of structural This work was partly supported by the Grant-in-Aid for
disorder, but the results are rather sensitive todtsdectron  Scientific Research from the Ministry of Education, Science,
numberN. The results withN=9.0 along thef-a-1 line  and Culture in Japan.
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