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Susceptibilities and pressure effects on the magnetic properties of amorphous transition metals have
been investigated on the basis of a finite-temperature theory of local-environment effects in amorphous
metallic magnetism. Calculated high-field susceptibilities, paramagnetic susceptibilities, effective Bohr-
magneton numbers, and the pressure dependence of magnetization, Curie temperature, and spin-glass
temperatures are shown to explain various aspects of the magnetism in amorphous and liquid transition
metals and alloys as a function of the d electron number. It is demonstrated that these quantities are
governed by the electronic structure of amorphous transition metals, in particular, by the main-peak po-
sition in the noninteracting density of states for amorphous structure. Moreover, the detailed investiga-
tions for susceptibilities, forced-volume magnetostriction, and the T-P phase diagram in the reentrant
spin-glass region reveal that the itinerant-electron spin glasses in the Fe-rich amorphous alloys with
more than 90 at. % Fe are caused by structural disorder instead of configurational disorder.

I. INTRODUCTION

Basic properties of amorphous metallic magnetism
have remained unsolved for many years because it was
very difficult to extract the essential part from the experi-
mental data of amorphous magnetic alloys.!”* Early
data of amorphous transition-metal alloys containing
considerable amount of metalloids,® for example, have
been considered to show that the effect of structural dis-
order is simply to reduce the magnetizations and Curie
temperatures (7.), while recent experimental data for
Fe-rich amorphous alloys with less than 10 at. % early
transition metals*~’ indicate a complete disappearance of
ferromagnetism and a formation of the spin-glass (SG)
phase. The recent data of amorphous Co.Y;_.(0.6
<¢<0.9) alloys® suggest an enhancement of the Curie
temperature of amorphous pure Co by 450 K in contrad-
iction to the early picture obtained from the amorphous
transition-metalloid alloys.

In a previous paper (which is referred to as I),” we have
developed a theory of amorphous metallic magnetism
that takes into account both the thermal spin fluctuations
and the fluctuations of local magnetic moments (LM)
with respect to the structural disorder. The theoretical
investigations have revealed the basic property of magne-
tism in amorphous transition metals; the SG for
6.7<N £7.2, cluster SG for 7.2 SN £7.35, reentrant SG
for 7.35SN <7.385, and the ferromagnetism for
7.385 <N 9.0, where N denotes the d electron number
per atom. The enhancement of T due to structural dis-
order was also found in the range 7.9 SN <8.5. These
theoretical results support the recent experimental data
for Fe-rich* and Co-rich® amorphous alloys with non-
magnetic early transition metals. Moreover, the electron-
ic structure inherent in the amorphous structure was
shown to be reflected in these magnetic properties.

In the present paper, we investigate a systematic varia-
tion of susceptibilities and pressure effects on the magne-
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tization, T, and the SG temperature (7, ) in amorphous
3d transition metals with use of the same approach. We
clarify in more detail the physical picture obtained in pa-
per 1. In particular, we will show that the systematic
change of these quantities in 3d series is governed by the
main-peak position in the noninteracting densities of
states (DOS).

In Sec. II, we briefly review the finite-temperature
theory of local environment effect (LEE) in amorphous
metallic magnetism. In Sec. III, we present numerical re-
sults for susceptibilities as a function of d electron num-
ber and temperature. The differences in susceptibilities
between the bcc, fcc, and amorphous structures will be
discussed in comparison with the experimental data of
fcc and liquid transition-metal alloys.

Pressure effects on the magnetization, Curie tempera-
ture, and SG temperature are discussed in Sec. IV. We
will explain the large negative 07 /dp near amorphous
and the suppression of 37 /dp near the ferromagnetic in-
stability for the fcc and amorphous structures. One of
the most important topics on the amorphous itinerant
magnetism is the anomalous magnetic-field and pressure
effects in the reentrant SG region. We discuss these
effects in more details in Sec. V, in particular, the anoma-
lous forced volume magnetorestriction as seen in Fe-rich
Fe-Zr amorphous alloys'® and the T-p phase diagram as
found in Fe-La amorphous alloys.!! A part of this sec-
tion has been published as a letter.!? Finally, we summa-
rize our numerical results in Sec. V1.

II. FINITE-TEMPERATURE THEORY OF LEE

We adopt the degenerate-band Hubbard model with a
Hund’s rule coupling, and make use of the functional in-
tegral method to take into account the thermal spin fluc-
tuations.!®> The method exactly transforms the interact-
ing Hamiltonian into a one-electron Hamiltonian with
the time-dependent random exchange fields acting on
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each site. Within the static approximation which
neglects the time dependence of the field variables, the
central local moment is expressed as a classical average of
the field variable £ on the same site with respect to a
free-energy functional.

We next introduce an effective medium £, ! describing
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
type of approximation for the surrounding field variables,
we obtain an expression for the thermal average of the
central local moment as follows:!*

[aggePr®
Jdge PO

Here S denotes the inverse temperature.

The energy functional W(£) in Eq. (2.1) consists of the
single-site energy E (£), the atomic pair energies <I>(‘” (&),
and the exchange pair energies <I>Ol’(§ in the eﬂ'ectlve
medium:
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Here the summation on the right-hand side (rhs) in Eq.
(2.2) is taken over z(=12) atoms on the well-defined
nearest-neighbor (NN) shell. We have neglected the cou-
plings between further distant atoms because of the rapid
damping in the disordered systems with increasing inter-
atomic distance.'”” (m;) and x; are the thermal average
and amplitude of the LM on the neighboring site j. f(w)
in Egs. (2.3) and (2.5) denotes the Fermi distribution
function. D, N, and J are the number of orbital degenera-
cies (D =5), d electron number, and the effective
exchange-energy parameter, respectively. The charge po-
tential w;(£) in Eq. (2.3) is determined from the charge
neutrality condition on each site j. The locator for o spin
electrons L, in Egs. (2.3) and (2.6) is defined by
L (&) =w+id—e—w(§)+1TEo+ho+pu, 2.7
where €°—p is the atomic level measured from the chem-
ical potential u, 4 is a uniform magnetic field in units of
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gug, 6 is an infinitesimal positive number.
Structural disorder appears in Egs. (2.3) and (2.5) via
the coherent Green function defined by

t]a [(’C-—l—t)_l] (2.8)

lj 4

where ¢ denotes the transfer-integral matrix ;.
In the present theory the diagonal coherent Green

functions on the NN shell are approximated by their

structural average:
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Here [ ], means the structural average, p(¢€) is the density
of states for noninteracting electrons in amorphous met-
als.

The coherent Green functions Fy, and Fy;, (=Fq,)

J
are obtained by making use of the Bethe approximation:
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Here the self-energy &, 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 {{m; )} and the squares
of the transfer integrals {¢;,}. These quantities have dis-
tributions g ( (m ))and p,(y ;) in the amorphous systems,
where y; = 120 [ 0]s The distribution of the central
LM is then obtamed from g ( (m )) and ps(y;) via Eq.
(2.1). Since it should be 1dentlca1 with the surrounding
ones, we obtain an integral equation for the distribution
function as follows:!* 16

i=1

m;)dm;] .

(2.12)

By making use of the decoupling approximation on the
rhs of Eq. (2.12), which is correct up to the second mo-
ment, we obtain the self-consistent equations for [{m )],
and [(m )?],:
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In the present approximation the atomic local environ-
ment is described by a contraction or a stretch of the NN
atoms by [(8R )]!”2. Both atomic and spin configurations o

on the NN shell are expressed by the binomial distribu-
tion function ['(k,n,q) defined by [n!/kl(n —k)]g*(1
—q)" k. Thus, the LM (&), and energy ¥, (&) are
specified by n (the number of contracted atoms on the
NN shell), k£ (the number of up spins on the contracted
atoms), and / (the number of up spins on the z-n stretched
atoms). Associated energy functionals E, (£) and ®'¢) (£)
[@'9,(£)] 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
@) (&) are defined in the same way.

J

W (Ry)

FIG. 1. The input density of states (DOS) for the amorphous
(solid curve) (Ref. 23), bee (dot-dashed curve) (Ref. 23), and fcc
(dotted curve) structures (Ref. 24).

The energy functionals W¥,,(§) include unknown
effective mediums, &, and £, !. The former is deter-
mined so that the structural average of Fy, [Eq. (2.10)] is
equal to the exact one [Eq. (2.9)]:

[(Stgo)z]l/z -1
thl, [1+v—="5"— (L' =S8,)7 | =F,. (2.17)
g_ [ 10] l ‘/z [tj20 ]s o o o
Here the average transfer integral [tjz0 ]; is obtained from the input DOS as follows:
2[th),= [(e—&)[ple)] de . @18
The ratio [(Stjzo 2112 /¢ 1-20 ], is related with the fluctuation of the NN atomic distance as follows:
[(SR )2 ] 172
[(Stjzo)z]s/[t}o]s=2xTJs (2.19)
Here the relation ¢ (R) < R ™ “ is adopted.
The effective medium £ ! is determined from the CPA (coherent-potential approximation) condition:'” !
1 [{&)]; _ 1
S5 |1+ e (LY V(D=L +F ) T I=F, (2.20)

Since [(£)], and [(&?)], in Eq. (2.20) include again
[{m)], and [{m )?], via Egs. (2.15) and (2.16), one has
to solve Egs. (2.13), (2.17), and (2.20) self-consistently to
obtain [{m )], [{m)?];, &,,and L}
The theory describes the itinerant electron SG
([{m)],=0 and [{m )?],70). The transition tempera-
ture T, has been shown to reduce to the well-known for-
mula T =1z |#| in the LM limit and the =& model.!%?°
Here J denotes the exchange coupling constant between
the LM’s.

The input parameters are the d electron number N, the
effective exchange-energy parameter J, the DOS [p(€)];,
and the fluctuation of the interatomic distance
[(8R)?]}/2/[R],. In the following numerical calculations
we adopted [(8R )?*]!}/2/[R],=0.06, which is consistent
with those estimated from the width of the first peak in

f

the theoretical?! and experimental®? pair-distribution
functions for amorphous Fe. The input DOS’s are
presented in Fig. 1. It is essential for the magnetism in
amorphous transition metals that the main peak for the
amorphous DOS is located just between the bee and fec
ones.
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III. SUSCEPTIBILITIES

Magnetic susceptibilities are one of the most basic
properties in magnetism. We present here the high-field
susceptibility as well as the paramagnetic susceptibility,
which are obtained from the numerical derivative of mag-
netization with respect to the magnetic field. We adopted
here the input parameters for amorphous Fe
(J=0.059 045 Ry) and the input DOS as shown in Fig. 1,
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and changed the d electron number N to examine a gen-
eral trend in 3d series.

Calculated high-field susceptibilities yyg near the fer-
romagnetic instability are presented in Fig. 2 as a func-
tion of the d electron number. Amorphous transition
metals show the SG ferromagnet transition at a critical
electron number N,=7.364 for the present choice of pa-
rameters with increasing d electron number. The suscep-
tibility shows there an asymmetric divergence. Large
Xup's in the SG region are attributed to the frustrated
LM’s. Although the magnitudes of calculated yyp are
comparable to the experimental data,* the asymmetric
behavior has not yet been verified, since the SG region
realized in the Fe-rich amorphous alloys is very narrow.
A remarkable point is that yYyg’s for an amorphous struc-
ture are much larger than those for the bcc and fec struc-
tures even if the d electron number is considerably deviat-
ed from N,. [Note that yyg’s are 1.118X10* pgz/Ry
atom for bee Fe, 1.114 X 10% /Ry atom for hep Co, and
0.496X10? pp/Ry atom for fcc Ni at 4.2 K (Ref. 25).]
This is because the susceptibilities for an amorphous
structure are accompanied with the reversal of the LM’s
which are weakly coupled to the surrounding LM’s due
to the structural disorder.

The susceptibilities at high temperatures are presented
in Fig. 3 for three structures as a function of the d elec-
tron number. The fcc susceptibility shows the highest
value among the amorphous, bcc, and fce structures for
5.0SN S5.85 and 8.555SN $9.43, the bcec one for
5.855N<7.98, and the amorphous one for
7.98 SN <8.55 and 9.43 SN <10.0. Although there is
no simple relation between the noninteracting DOS and
susceptibilities at finite temperatures because of the large
thermal spin fluctuations, we find a correlation between
the differences in susceptibilities Ay and the main-peak
positions of the noninteracting DOS, as found for magne-
tization and T in paper I. In fact, the d electron num-
ber N*=7.440 has a Fermi level at the main-peak posi-
tion for the bcc structure. The bee susceptibility takes
the highest value near there among three structures. This

X (102 HB/Ry atom)

7.6

FIG. 2. High-field susceptibilities (xYyg) as the function of the
d electron numbers (N) for the amorphous (solid curve), bcc
(dot-dashed curve), and fcc (dotted curve) structures. Note that
the bcc susceptibilities are multiplied by a factor of 10.
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FIG. 3. Relative paramagnetic susceptibilities of amorphous
and bcc structures (dashed curve), and amorphous and fcc struc-
tures (solid curves) calculated at 2400 K. Arrows indicate the d
electron numbers N* with the Fermi level at the main peak for
each structure.

implies that the susceptibility enhancement associated
with a large magnetic gain due to the main peak at the
Fermi level remains even above T. In the same way, we
find the highest value of the amorphous susceptibility
near N*=8.352 with the main peak at the Fermi level,
and that of the fcc susceptibility near N*=9.048. The
enhancement of the fcc susceptibility near N =5.0 is also
attributed to a large peak near the center of gravity for
the fcc DOS in Fig. 1.

There is no direct experimental data which support our
results for Ay at the present stage. However, we note
that our results are consistent with the data?® for liquid
transition-metal alloys as shown in Fig. 4, if we assume
that the amorphous structure is similar to the liquid one.

The temperature variations of the paramagnetic sus-
ceptibilities for amorphous structure are presented in Fig.
5. The susceptibilities y follow the Curie-Weiss law (CW)
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FIG. 4. Susceptibility changes at the melting point for 3d
transition-metal alloys (Ref. 26). ®: Mn, Fe, Co, and Ni; O:
Ni-Cu; ®: Co-Ni; ©: Fe-Mn, Fe-Ni; O: Fe-Co; A: Ni-Mn; A:
Ni-Cr; [J: Co-Mn; B: Co-Cr; @: Fe-Cr; N: Fe-V.
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FIG. 5. Inverse paramagnetic spin susceptibilities for amor-
phous transition metals with J =0.059 045 Ry and input DOS in
Fig. 1.

above about 1500 K irrespective of the structures. Below
1000 K, the deviation from the CW law is seen in some
cases as shown in Fig. 6. The bcc susceptibility for
N =8.5 (dot-dashed line in Fig. 6), for example, shows
the Pauli paramagnetic behavior below 1000 K because
of the small DOS at the Fermi level [Jp(0)/2=0.69], al-
though the susceptibility follows the CW law above 2000
K since the LM’s are induced with increasing tempera-
ture. Similar behavior is also seen in the fcc susceptibility
for N =8.5 (dotted line in Fig. 6), where Jp(0)/2=1.01.

The amorphous susceptibilities for N =6.5, 7.0, and
7.25 show the cusp at T,. The inverse susceptibilities are
upwards convex above T,. This is not due to the
structural disorder, but seems to be a behavior charac-
teristic of the close-packed systems since it is also seen in
the fcc y 1.

We have calculated the effective Bohr-magneton num-
bers (m.4) for three types of structures from the high-
temperature susceptibilities. The results for Fe, Co, and
Ni are summarized in Table I. Theoretical values are un-
derestimated by 25% as compared with the experimental
ones because of the neglect of the transverse spin fluctua-

X7 (1073 Ry atom/pp)

0 1000 2000 3000
T (K)

FIG. 6. Temperature dependence of the inverse paramagnet-
ic susceptibilities for N =38.5.
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TABLE 1. Calculated effective Bohr-magneton number (up)
for Fe [N =7.0, J=0.059045 Ry, and W(Fe) in Fig. 1], Co
[N=8.1, J=0.090 Ry, and W(Co)/W(Fe)=0.441/0.393], and
Ni [N=9.1, J=0.060 Ry, and W(Ni)/W(Fe)=0.364/0.393].
Experimental values are shown in parentheses.

Fe Co Ni
amor 3.55 1.96 1.27
bce 2.40 2.24 1.37
(3.20)?
fcc 4.54 2.32 1.26
(6.16)° (3.15)° (1.61)

2Sucksmith and Pearce, Ref. 27.
®Renz and Methfessel, Ref. 30.
°Fallot, Ref. 28.

tions and overestimation of itinerant character in the
static approximation with the effective exchange-energy
parameter J. Nevertheless, previous investigations for
the substitutional 3d transition-metal alloys®® revealed
that the present theory describes a systematic change of
m g as a function of N. Figure 7 shows such a change of
m ¢ for three types of structures.

The effective Bohr-magneton numbers increase with
decreasing d electron number from N =10 to 5. It is seen
that the region where each structure takes the minimum
value among three m4’s corresponds well to the d elec-
tron number (N*) with the main peak at the Fermi level
in the noninteracting DOS for each structure. This is be-
cause the strong ferromagnetism caused by the main peak
for each structure leads to small m & which is close to the
amplitudes of LM’s. When the d electron numbers de-
crease from N*, the effective Bohr-magneton numbers in-
crease gradually because of the change of magnetism
from the strong to the weak one. The fcc m 4 first in-
creases rapidly from N =8.5, the amorphous m in-
creases next from N =8.0, and finally the bcc m 4 in-
creases from N =6.5 according to the inequality
N*(bce) < N*(amor) < N*(fcc). The experimental data of
m ¢ in the fcc and liquid transition-metal alloys by Renz

6 I 4
™
=
Z 4+ 4
%
£ r 4
2 + 4
0 1 1 1 1 1 1 1 1 1
5 6 7 8 9 10

FIG. 7. Effective Bohr-magneton numbers calculated around
T =1800 K. Arrows indicate N*.
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and Methfessel’® show that the fcc m .4 rapidly increase
as compared with the liquid ones with decreasing N from
8.5 to 7.0. This behavior may be regarded as a support-
ing evidence.

IV. PRESSURE EFFECTS

A. Pressure dependence of magnetization

We calculated the pressure dependence of magnetiza-
tions by taking the numerical derivative of M =[{m )],
with respect to the volume. We assumed Heine’s law,
t(R)x<R ¥ (with k=3.8) and J=const.’! The results
for Fe, Co, and Ni are given in Table II. The present
theory explains the qualitative aspect of dM /dp, but does
not give quantitative agreement with the experimental
data since dM /dp is sensitive to the DOS at the Fermi
level.

The d electron number dependence of BAOM /dp is
presented in Fig. 8. Here B denotes the bulk modulus.
Small 0M /dp are obtained near N* for each structure,
which is a characteristic of the strong ferromagnetism.
In particular, the amorphous dM /dp is small around
N*=8.35, where the bcc and fcc structures show a large
OM /9p associated with the ferromagnetic instability.
This trend is seen in the experimental data for Fe-Ni al-

loys* 37 as shown in Fig. 9.

B. Pressure dependence of T¢c and T,

The pressure dependences of the Curie and SG temper-
atures were also obtained numerically by taking the
derivative 8T /dV with respect to the volume V. The re-
sults are shown in Fig. 10 as a function of N for three
types of structures.

Before we discuss the effects of structural disorder on
0T - /dp, we remark on the following points. First, the
present theory overestimates the volume dependence of
T generally because of the overestimate of the
itinerant-electron character in the static approximation
with effective exchange-energy parameters. Correlation
effects at finite temperatures reduce the itinerant charac-
ter, as shown by the Gutzwiller-type variational theory at
finite temperatures.’®3° (See the change of sign of
0T-/9p for Ni in Fig. 10.) Second, the calculated
0T - /0p are considerably sensitive to the shape of input
DOS as seen by comparing the present results with the
previous ones obtained from the less realistic DOS.** The
present results therefore stand for qualitative ones.

TABLE II. Pressure dependence of the magnetization
BAM /3p (up) for Fe, Co, and Ni.

Element Fe Co Ni
Structure bee amor bce fcc fcc
Calc. (150 K) —1.83 —0.73 —0.66 —0.46 —0.31

Expt. (300 K) —1.02° —0.72* —0.30°

“Kouvel and Wilson, Ref. 32.
YKouvel and Hartelius, Ref. 33.
°Ebert and Kusmann, Ref. 34.
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BaM/ap (Kg)

FIG. 8. Calculated pressure dependences of magnetizations
as a function of the d electron number N. The results are shown
for two sets of input parameters, Fe [J=0.059045 Ry and the
band width W(Fe) in Fig. 1] and Co [J=0.090 Ry and
W(Co)/W(Fe)=0.441/0.393]). Arrows indicate the d electron
numbers with the Fermi level at the main peak in the input
DOS for each structure.

Calculated |37 /9p| take small values in the strong
ferromagnetic region near N*, while they become larger
when the d electron number deviates from N*. This
means that the basic electronic structures shown in Fig. 1
are again reflected in dT./dp. The difference in the
main-peak position between the amorphous and fcc
DOS’s corresponds to the electron number difference
AN*=N*(fcc)—N*(amor)=0.695. This difference ex-
plains why the Invar anomalies in the amorphous
transition-metal alloys** ! occur around N =7.0 instead
of N =7.7. Theoretical results seem to be consistent with
the experimental data** *"*? shown in Fig. 11,
where 07 /dplamor) <937 /dp(fcc) at N=9.0 and
0T /dp(amor) > 8T /dp(fcc) at N =~7.0.

Present theory describes the suppression of o7 /dp
near the ferromagnet SG transition. This is caused by

O amor. (Fe—Ni)BOZr,O

3M /3P (MB/ TM atom Mbar)

O amor. (Fe-ColggZrio
A fcc Fe-Ni
- 8 ol -
v bcc Fe-Ni
L - 1 H ] L 1
7 8 9

N

FIG. 9. Experimental data of the pressure dependence of
magnetizations for amorphous and crystalline alloys at 7' =4.2
K as a function of the average d electron number for the 3d
transition-metal elements (Refs. 35 and 36).
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BaTc/ap (10%K)

FIG. 10. Calculated BT /dp for amorphous ( ), bee
(—«—-—-),and fcc (- - . .) structures with the sets of input pa-
rameters of I (J=0.059045 Ry and W in Fig. 1) and II
[J=0.090 Ry and W /W(Fe)=0.441/0.393]. Previous results
for Ni with and without local electron correlations (Ref. 39) are
shown by B and [, respectively. The results for BaT, /dp are
also shown by a dashed curve.

the feedback effect which originates in the occurrence of
competing ferro- and antiferromagnetic interactions; the
LM’s act to suppress the depolarization of surrounding
LM’s with increasing bandwidth near 7. It should be
noted that this is not necessarily characteristic of the
structural disorder, as we see the same effect for the fcc
structure in Fig. 10.

The pressure dependence of the SG temperature can-
not be obtained by a phenomenological Heisenberg-type
model because the volume dependence of exchange cou-
plings is not known in the metallic systems. Present
theory enables us to calculate 37, /dp since the theory
is based on the microscopic Hamiltonian of the
degenerate-band Hubbard model whose volume depen-
dence is well known from the energy-band calculations.
Calculated 0T /9dp in Fig. 10 is not as sensitive to N in
the range 6.5 <N < 7.5, where the actual SG’s are expect-

T T T T T
N A,
s 0 & L ¢ e __,
e}
=
x r .
Q
2 -2 r 7
R
© | -
o amor. (Fey_cNic)ggZng
-4 - o ; A fcc  Fey-¢Nic 4
| l4 1 1 L
7 8 9
N
FIG. 11. Experimental data of 9T./dp for amorphous

(Fe-Ni)goZr;o (O) (Ref. 36), fcc Fe-Ni (A) (Ref. 37), and bcc FE
(O) (Ref. 42).

ed. The absolute values are comparable with the experi-
mental data of Fe-rich amorphous alloys as will be dis-
cussed in the following section.

V. MAGNETIC-FIELD AND PRESSURE EFFECTS
IN THE REENTRANT SPIN GLASS

The most drastic change of magnetism with the mag-
netic field and pressure is expected to occur in the vicini-
ty of ferromagnetic instability. We present here the
magnetic-field and pressure effects in the reentrant SG re-
gime (7.350 <N <7.385), and discuss the experimental
data for Fe-rich amorphous alloys near 90 at. % Fe.

A. High-field susceptibilities
and forced volume magnetorestriction

Figure 12 shows the calculated results of the high-field
susceptibilities (Yyg) in the reentrant SG regime. Calcu-
lated xyr have huge values, which are 100 times as large
as those in the crystalline Fe, Co, and Ni,? and show the
temperature dependence consistent with the ac suscepti-
bilities for amorphous Fe Zr;_, (0.88=<c =0.92) reen-
trant SG alloys.>!° The divergence at T, is stronger than
that at T. This is explained by the Curie-like enhance-
ment of Yyr at lower temperatures, which was caused by
the paramagnetic component in the distribution g(M).
(See Fig. 14 in I.)

Recently, Tange, Tanaka, Goto, and Fukamichi have
measured the forced volume magnetorestriction (3w /0k )
of amorphous Fe Zr,__ (0.88 <¢ <0.92) alloys.'® They
found huge dw/0h and an anomalous peak at T,, which
are not seen in the other SG systems. To throw light on
this problem, we calculated Ow/dh by using the
Liberman-Pettifor formula*® (see the Appendix):
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FIG. 12. High-field susceptibilities in the reentrant spin-glass
region for N =7.355 (M), 7.365 (0), and 7.375 (/) obtained
with the use of 4 ~2.5X 1075 Ry. The solid curves denote the
values extrapolated to A =0.
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Here E, is the bonding energy [see Eq. (A2)]. D [=3.55
for Fe (Ref. 44)] is a proportionality constant given by the
radial wave function at the Wigner-Seitz sphere.*> The
amplitude [{£2) ], is directly related to the amplitude of
LM as follows:!3
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(5.2)

Since the amplitudes [ £?) ], are sensitive to the magnet-
ic field 4 in the reentrant SG regime, d[{ £2) ], /dh are nu-
merically calculated by applying finite field 4 ~6X 10*
[G1], and then obtained by an extrapolation to h =0. We
present our results in Fig. 14. Calculated dw /dh are very
large as compared with those in the bce Fe [0.05 [1078
Oe™ '] (Ref. 46)] and fcc Ni [0.01 [107% Oe™!] (Ref. 46)].
The results explain the order of magnitude and the diver-
gence at T, in the experimental data of amorphous
Fe, Zr;_, (0.88 <¢ <0.92) alloys.!®

According to Eq. (5.1), the forced volume magnetos-
trictions in the LM systems whose amplitudes hardly
change with the magnetic field are determined by the
temperature derivative of the magnetization [i.e., the first
term on the rhs of Eq. (5.1)]. dw/dk then diverge to plus
infinity at 7, and to minus infinity at T¢c. On the other
hand, the Invar type of dw /9h with soft amplitudes of the
LM is determined by the second term on the rhs of Eq.
(5.1). The present results of dw/dh in the reentrant SG
regime near amorphous Fe are dominated by the second
term as shown by the dotted curve in Fig. 13 for
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FIG. 13. Calculated dE, /0h and forced volume magnetore-
strictions dw/dh for N =7.355 (M), 7.365 (0), and 7.375 (/)
with A =~2.5X107° Ry, and those extrapolated to # =0. The in-
set shows the experimental data for amorphous Fe-Zr alloys
(Ref. 10).
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N =7.365. In particular, a large peak at T, is due to the
variable amplitude of the LM. It should be noted that
the contribution of the first term is less than only one-
tenth or one-hundredth of the second one, and that the
former is not expected to be large in any system. There-
fore, the large anomaly of dw /dh at T, is a characteristic
of the itinerant-electron SG, which is never seen in the in-
sulator system.!?

B. T-P phase diagram

Recent investigations by Goto et al.!! have revealed
that the amorphous Fe La,_, (0.875=<c¢ <0.925) alloys
cause the pressure-induced ferromagnet-SG transition
(see the inset of Fig. 16). Since the SG temperature
around 90 at. % Fe hardly depend on the second ele-
ments, the basic aspect of the experimental data for
amorphous Fe-La alloys may be expected to be explained
only by the structural disorder. We therefore calculated
the T-p phase diagram in the reentrant SG region.

Figure 14 shows the temperature dependence of the
magnetization and the SG order parameter for N =7.365
when the bandwidth is varied. Both curves are similar to
those expected from the Sherrington-Kirkpatrick mod-
el.? A caiculated phase diagram is shown in Fig. 15.
Calculated T decreases with increasing the bandwidth
W, while reentrant T, increases until the ferromagnetism
disappears at a critical bandwidth or a critical pressure
(p*). This behavior explains the experimental phase dia-
grams in amorphous Feg, sLa;, s and Fey, sLa, s alloys as
shown in the inset of Fig. 15. (Note that the change of
the bandwidth W is in proportion to the pressure for
small values.) Calculated critical pressure p*, 8T /dp,
and 3T, /dp are summarized in Table III with the experi-
mental values for amorphous Feg, sLa;, s and Feg, sLa, s
alloys."! The qualitative agreement between theory and
experiment supports that the reentrant SG behavior near
90 at. % Fe is dominated by the structural disorder.

The reentrant SG shows a broad LM distribution as
shown in Fig. 16, and the magnetism is determined by a
detailed valence between the ferro- and antiferromagnetic
couplings. The transition from the ferromagnetic to the
SG state with increasing pressure is driven by a relative
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FIG. 14. Volume dependence of the magnetization (——)
and SG order parameter (- - - ).
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FIG. 15. T-W magnetic phase diagram showing ferromagnet-
ic (F), spin-glass (SG), and paramagnetic (P) phases near the
reentrant spin-glass region. W, denotes the d-band width at
zero pressure. The inset shows the experimental data for amor-
phous Feg; sLa), s (@) and Fey, sLa; 5 (O) alloys (Ref. 11).

change in the ratio of the short-range ferromagnetic cou-
plings to the long-range antiferromagnetic couplings with
decreasing volume.

VI. SUMMARY AND DISCUSSION

We have investigated the susceptibilities and the pres-
sure effects of amorphous 3d transition metals on the
basis of the finite-temperature theory of amorphous me-
tallic magnetism. The structural disorder shifts the main
peak of the DOS between the bcc and fcc ones, and
causes the fluctuations [{m )?],—[{m )?],. The former
produces the strong ferromagnetism near N*=8.353,
while the latter causes the SG near amorphous Fe. Cal-
culated paramagnetic susceptibilities for amorphous
structure therefore show the largest value among the
amorphous, bce, and fcc structures for the d electron
number 8.0<N <8.5. The effective Bohr-magneton
numbers take the smallest values for 7.80 <N <8.85.
The pressure dependence of amorphous |dM /dp| and
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FIG. 16. Volume dependence of the LM distribution g (M)
for N =7.365.

|0T ¢ /3p | has also been shown to be small in the same re-
gion because of the strong ferromagnetism.

When the d electron number is decreased from
N*=8.353, m.4, |OM /3p|, and |dT/9p| increase be-
cause of the gradual transition from the strong to weak
ferromagnetism. Finally, the high-field susceptibility
diverges at N =7.385, although 907 /dp is suppressed
there because of the feedback effect. The Invar anomalies
in amorphous metals occur near amorphous Fe (N =7.0)
rather than the average electron number found in the fcc
Invar alloys (N =7.7), which is attributed to the
difference in the main-peak position between the amor-
phous and fcc structures.

The structural disorder causes the SG state after disap-
pearance of ferromagnetism. We have shown that the
present theory with structural disorder qualitatively or

TABLE III. Critical pressure p* and pressure dependence of magnetization M, Curie temperature
T¢, and SG temperature T, in the reentrant SG region. Bulk modulus for amorphous Feg;B,; (Ref. 48)

was used in the calculations.

p* (kbar) dM /3p (ug /kbar) 8T /3p (K/kbar)
Theory (N =7.365) 12 —2.2 —53
(N =17.375) 18 —2.1 —6.4
Expt. 20° —2.8° —5.1%
(Fegy.sLay, s) (FegoCeyo) (Fegy.sLay, 5)
o7, /dp (K/kbar)
Theory (N =7.0) —1.5
(N =17.25) —2.1
Expt. —1.4°

(Fegy.sLas s)

2Goto et al., Ref. 11.
YKomatsu and Fukamichi, Ref. 47.
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semiquantitatively explains Y, dw/dh, and the 7-P phase
diagram in the amorphous Fe-La and Fe-Zr reentrant SG
around 90 at. % Fe. This supports the previous con-
clusion that the SG’s in Fe-rich amorphous alloys at
more than 90 at. % Fe are the itinerant-electron SG pro-
duced by the structural disorder.>* 1In particular, we
found that the anomalous divergence of dw/dh at the
reentrant T, is a characteristic of the itinerant-electron
SG which is not expected in the insulator SG systems.

Very recently, Tanaka, Takayama, and Fujiwara™
verified on the basis of the first-principles linear muffin-
tin orbital (LMTO) recursion method that the amorphous
Co certainly has the Fermi level just at the main peak in
the nonmagnetic DOS, and showed a strong ferromagne-
tism at the ground state. This result supports our picture
for strong ferromagnetism in amorphous 3d transition
metals. Systematic ground-state calculations with use of
the first-principles LMTO-recursion method®' or the
LMTO supercell approach? are highly desired to estab-
lish the electronic structure assumed in this work for 3d
amorphous transition metals and alloys.

From the experimental point of view, the enhancement
of the ferromagnetism near N*=8.353 in the amorphous
structure seems to be realized in amorphous Fe Ni;__
(0.64<¢<0.72) alloys® because the amorphous
Fe_Ni,_, alloys show strong hyperfine fields in the region
0.64 <c =0.72, in contrast to the crystalline Fe-Ni Invar
alloys in which a sharp drop of the hyperfine field is well
known to occur. Hasegawa and Mizutani>* have recently
performed the systematic investigations for Co-based
amorphous alloys. They observed a tendency that the
spin-wave stiffness constant obtained from magnetization
-temperature curves rapidly increase going beyond the
value of hcp pure Co with increasing Co concentration.
Their results also support the enhancement of the fer-
romagnetism near N * =8.353.

Systematic measurements of susceptibilities are left for
a future task. The investigations with use of other experi-
mental techniques are also required to clarify the magnet-
ic properties of amorphous metallic magnetism. Direct
measurements of the stiffness constant by means of the
neutron-diffraction experiment would be useful to verify
the enhancement of magnetic couplings near N*. The
shift of the main peak of about 0.4 eV in the DOS might
be observed directly by means of the photoemission and
inverse photoemission experiments in the nonmagnetic
3d and 4d transition metals and alloys. We hope that
these experimental efforts will establish the basic picture
for the physics of amorphous transition metals and alloys
in the near future.
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APPENDIX: DERIVATION OF Egq. (5.1)
The forced volume magnetorestriction dw /9% is calcu-
lated from pressure p as follows:
dw _ 1 3(3pV)
oh 3BV 0dh

According to the Libermann-Pettifor virial theorem [Eq.
(A4) in Ref. 45] the electronic contribution to the pres-
sure (p, ) is given by

3peV=2Ci<n,-)+D<

(A1)

2 tivjv’ ait/aajv’a> . (A2)
ivivio
Here we take into account the d orbitals only. C; and D
are the volume-dependent coefficient for the core part
(the first term on the rhs) and the volume-independent
coefficient for the bonding energy part (the second term),
respectively, both of which are obtained from the LMTO
method.* #,,,, in Eq. (A2) is the transfer integral be-
tween the orbital v on site i and the orbital v’ on site j.
a,-Tw, (a;,,) denotes the creation (annihilation) operator for
an electron with spin o on site i and orbital v, and
n;= zvoaivoaiva‘

We adopt the degenerate-band Hubbard model with
the Coulomb integral U and the Hund’s rule coupling J
as follows:

H=73 (¢,—hon,+ 3 tivjv.a,.tmajvro
i

ivjivio

+% Z(Un}—Jm%). (A3)
1
Here €; denotes the atomic level on site i.

Substituting the bonding energy [the second term on
the rhs of Eq. (A3)] obtained from the above Hamiltonian
into Eq. (A2), and taking the derivative of Eq. (A2) with
respect to h at h =0, we reach

3a3p, V) .
oh

oM 1
D>

v oh oh

3(n2)  a(m?) ]
—J

(A4)

Here we used the relation 3¢ H ) /dh=—M + T3M /3T,
M being the total magnetization.

In the two-field static approximation, the amplitude of
the LM, and the square of local charge are given by

2y — _ 1 1 2
(n,—)—(n,-)+ {1 2D (ni)z D <§12) Bj ,
(A5)
<m%>=3<n,-)——233<n,.>2+ ‘1+—213 [(gf)—%
(A6)

in the charge neutrality limit.!?
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Substitution of Egs. (AS) and (A6) into Eq. (A4) leads
to the following expressions:

33p, V) . _ae
PV _ | p3M (&7

1
o or T4 27 5 (A7)

and

1
2D

1
1+
2D

J= U+ J. (A8)

We reach Eq. (5.1) substituting Eq. (A7) into Eq. (A1) and
taking the structural average.
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