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Magnetic properties of amorphous, crystalline, and liquid Ni-B alloys
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From a comprehensive study of the magnetic properties of amorphous and liquid Ni1002xBx alloys with
18.5<x<40, the individual contributions to the magnetization are identified and determined separately. The
matrix of the amorphous Ni-B alloys is found to exhibit Pauli paramagnetism even forx518.5, where the
observed magnetization was dominated by superparamagnetic particles. The Pauli susceptibility decreases
monotonically with increasing B-content and, for a given composition, it agrees well with extrapolated room-
temperature liquid state data and with the value of the corresponding crystalline stoichiometric compound. The
critical concentration for the onset of spontaneous magnetic order is established to be more than 81.5-at. % Ni.
On the basis of the electronic density of states~DOS! deduced from previous low-temperature specific-heat
measurements for various Ni-metalloid alloys, the Stoner-enhanced Pauli susceptibility is calculated for the
Ni-B system and a good agreement with the experimental conduction electron susceptibility is obtained. The
temperature dependence of the Pauli susceptibility is also discussed for amorphous Ni-B alloys and for liquid
Ni-metalloid alloys, the features being explained in terms of the DOS data.
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I. INTRODUCTION

Pure Ni metal is known to be a strong itinerant ferroma
net in which the uncompensated electron spins of spin-do
d subbands give rise to the observed ferromagnetism. Al
ing Ni with sp elements~e.g., metalloids such as B or P!
reduces the strength of the exchange interaction betw
electrons in thed band of Ni, leading to a decrease of th
saturation magnetic moment and Curie temperature.1,2 At
sufficiently high metalloid contents, ferromagnetism co
pletely disappears and Pauli paramagnetism can
observed.3

The nature of this ferromagnetic-paramagnetic FM-P
transition was recently studied in detail for the amorpho
Ni-P alloy system in the composition range from 10- to 2
at. % P.4 The critical concentration for the onset of FM ord
could be identified as 85.7-at. % Ni~14.3-at. % P!, beyond
which very weak itinerant ferromagnetism~VWIF! could be
observed. It should be mentioned, however, that the mag
tization of Ni-P alloys for intermediate compositions~14–
17-at. % P! was dominated by superparamagnetic~SPM! par-
ticles which were strongly Ni-enriched segregatio
embedded in a homogeneous amorphous matrix. The e
tence of such SPM particles could be demonstrated in
VWIF phase as well. Magnetic inhomogeneities could a
be revealed in the paramagnetic phase (P.17 at. %) in the
0163-1829/2002/65~10!/104423~10!/$20.00 65 1044
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form of ferromagnetic precipitates~crystalline Ni or Ni-rich
regions! and giant-moment paramagnetic clusters@amor-
phous Ni-rich segregations carrying a magnetic momen
typically (5 – 10)mB#. The behavior of the latter can be de
scribed by a Curie-Weiss-type susceptibility, and their co
tribution could be properly separated from the matrix ma
netization.

In the Ni-B alloy system, several studies of the magne
properties were already reported on chemically reduce5,6

and melt-quenched7–16 amorphous alloys. By considerin
previous works on the preparation of melt-quenched am
phous Ni-B alloys,17–21 it can be established that two glas
forming ranges were usually found, although the limitin
concentrations varied to some extent from work to work. T
very narrow first range is around the eutectics at 17-at. %
and the second range spans between about 30- and 40-
B. Exceptionally, the formation of an amorphous state o
melt-quenched Ni75B25 alloy was reported.21

In the concentration range from 30- to 40-at. % B, am
phous alloys can been obtained without the presence
significant amount of crystalline precipitates. On the oth
hand, for Ni-B alloys at about 18.5-at. % B, the formation
not entirely amorphous regions~e.g., crystalline Ni and Ni3B
particles of about 10–30-mm diameter7,18! cannot usually be
avoided, and they can constitute as much as 2–3 % of
total sample volume. As discussed below, Ni-B alloys at t
©2002 The American Physical Society23-1
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I. BAKONYI et al. PHYSICAL REVIEW B 65 104423
particular B-content are already close to the PM-FM tran
tion. In Ni-based alloys, either crystalline22 or amorphous4,23

Ni atoms have a very strong tendency toward segregatio
the neighborhood of the critical concentration for the appe
ance of ferromagnetism. Besides the required very high c
ing rate necessary to avoid the formation of Ni precipita
completely, this phenomenon may also play a significant r
in the difficulties to obtain fully amorphous Ni81.5B18.5
samples by melt-quenching.

Similarly to the case of the glass-forming ability, amo
phous Ni-B alloys can be divided into two groups, also fro
the viewpoint of their observed magnetic behavior. For co
positions around 18.5-at. % B, ferromagneticlike magneti
tion characteristics were observed in all report
studies.5–11,13–16The interpretation of the observed magne
zation characteristics of amorphous Ni-B alloys around 18
at. % B has remained controversial up to now: either Pa
paramagnetism8,9,11,13–15or the VWIF10 was concluded. In
support of the latter view, ferromagnetic resonance~FMR!
measurements24 were also performed, whereas evidence
Pauli paramagnetism was obtained from measurement
the susceptibility of the liquid state8,9,13,14and from a com-
bined high-field magnetization and11B NMR Knight shift
study.11

On the other hand, for all the amorphous Ni-B alloys w
>25-at. % B, a Pauli paramagnetic behavior w
found.9,10,12,13It is generally accepted that the majority of th
atoms in the amorphous matrix are nonmagnetic, and
their main susceptibility contribution is of Pauli parama
netic type. However, the reported results concerning the t
perature dependence of the Pauli susceptibility are
contradictory.10,13

One of the purposes of the present paper is to clear up
still existing controversies in the reported magnetic behav
of amorphous Ni-B alloys. Here we will give a more detail
account of our previous magnetization studies11,12,14on melt-
quenched amorphous Ni-B alloy ribbons, and present res
for the liquid state as well. Special emphasis will be devo
to evaluating available magnetization data of amorpho
crystalline, and liquid Ni-B alloys in order to show the fo
lowing: ~i! The ferromagneticlike behavior observed f
amorphous Ni81.5B18.5 alloys can be attributed to SPM pa
ticles, whereas the alloy matrix is paramagnetic with a lar
Stoner-enhanced Pauli susceptibility.~ii ! For amorphous
Ni-B alloys with 25-at. %<B<40 at. %, the matrix Paul
susceptibility is practically temperature independent, and
creases linearly with increasing B content. Results on
liquid state susceptibility of Ni-B alloys allowed us to trac
out a weak temperature dependence of the Pauli suscep
ity of the structurally disordered phase at such high temp
tures. We shall also discuss the variation of the tempera
coefficient of the conduction electron susceptibility with a
loy composition in liquid Ni-metalloid systems, and will ex
plain it in terms of their electronic band structure.

The paper is organized as follows. Section II describes
details of sample preparation and magnetic measuremen
Sec. III results are presented for amorphous, liquid, and c
talline Ni-B alloys, with special emphasis on the magne
behavior of the amorphous alloys around 18.5-at. % B.
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Sec. IV, first the composition dependence of the Pauli s
ceptibility of Ni-B alloys is discussed on the basis of prev
ously reported low-temperature electronic specific-heat d
Then the temperature dependence of the Pauli susceptib
of amorphous Ni-B alloys with>25-at. % B and the tem-
perature coefficient of the conduction-electron susceptibi
in liquid Ni-metalloid alloys are discussed. All these featur
will be explained in terms of the electronic band structure
Ni-B alloys. In Sec. V, the conclusions of the present stu
are summarized.

II. EXPERIMENT

A. Samples

Here we shall be concerned mainly with the same am
phous Ni1002xBx alloy ribbons prepared by melt spinnin
with x518.5, 25, 31, 33, 35, and 40, on which we ha
already reported some magnetization and11B NMR
studies.11,12,15,21 Results for another melt-quenched amo
phous Ni81.5B18.5 alloy, which was part of a Ni-P-B alloy
series,14 will also be included. More details of the samp
preparation and sample characterization were descr
previously.11,14,21

B. Magnetic measurements

The magnetic properties of amorphous ribbons were m
sured by Faraday-type magnetic balances in magnetic fi
up to 50 kOe~18.5-at. % B! and up to 9.4 kOe~>25-at. %
B!. For each alloy, both the field and temperature dep
dences of the magnetization were determined from
liquid-helium range to room temperature.

In a high-temperature magnetic Faraday balance, the t
perature dependence of the magnetization was determ
from 300 K into the molten state~up to about 1500 K! in a
magnetic field of 17 kOe at a heating rate of 5 K/min.

III. RESULTS AND DATA ANALYSIS

A. Magnetic properties of amorphous Ni-B alloys

1. Magnetization isotherms of amorphous Ni-B alloys
with 25-at. %ÏBÏ40 at. %

The magnetization isotherms of amorphous Ni1002xBx al-
loys in the composition range 25–to 40-at. % B were fou
to be qualitatively very similar to those reported recently
PM amorphous Ni-P, Ni-P-B, and Ni-B-Si alloys.4,14,25Here
we shall follow the scheme of Ref. 4 in analyzing the da
At a given temperature, the magnetization~s! of the Ni-B
amorphous alloys can be separated into~i! a small ferromag-
netic contributionss(T), being saturated for magnetic field
H>Hs ~according to our experience,Hs varied typically
from 2 to 4 kOe!; and~ii ! a linear term characterized by th
temperature dependent initial susceptibilityxo(T). In this
manner, for magnetic fieldsH.Hs , the magnetization could
be described as

s~H,T!5ss~T!1x0~T!H. ~1!

The susceptibilityx0(T) could be written for the whole tem
perature range as
3-2
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MAGNETIC PROPERTIES OF AMORPHOUS, CRYSTALLINE, . . . PHYSICAL REVIEW B 65 104423
x0~T!5xnm1CCW/~T1u!, ~2!

where xnm is a temperature-independent susceptibility, a
the second term is a Curie-Weiss~CW!-type susceptibility
with the constantCCW and a characteristic temperatureu.

Figure 1 demonstrates that Eq.~2! indeed describes ver
well the temperature dependence of the initial susceptib
for a-Ni75B25. Also plotted in the bottom of the figure ar
the data obtained after removing the fitted Curie-Weiss te
from the measured susceptibility in a range from 60 to 3
K. An extremely weak temperature dependence (dxnm/dT
50.00331026 emu/mol K) could only be revealed. How
ever, the evolution ofxnm with temperature was found to b
very sensitive to the fitting parameters within a range wh
the quality of the fit remained practically unchanged.
should also be noted that due to a possible decompositio
larger Curie-Weiss-type clusters into smaller ones with

FIG. 1. Temperature dependence of the initial susceptib
x0(T) for the a-Ni75B25 alloy. The inset shows that at the lowe
temperatures, Eq.~2! is valid with a temperature-independent val
xnm50.8531026 emu/g, and this plot also yields the value ofCCW

andu ~see Table I!. The quantityx0(T)2xCW ([xnm) is also plot-
ted at the bottom of the figure on an enlarged scale, demonstra
the possible very weak, linear temperature dependence ofxnm.
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creasing temperature, as discussed previously22 for Ni-based
alloys, may also lead to an apparent temperature depend
of xnm. Therefore, due to the presence of the Curie-We
term, a reliable temperature dependence ofxnm cannot be
deduced for the amorphous Ni-B alloys, especially for high
B contents.

According to the work of Amamou and Durand,23 the FM
magnetization component can be attributed to crystalline
or Ni~B! precipitates, and the CW term can be ascribed to
presence of giant-moment paramagnetic clusters consis
of Ni-rich amorphous regions embedded in the amorph
matrix. The temperature independent susceptibilityxnm can
be associated with the contribution of non-magnetic atom
the amorphous phase, and it is composed of a conduc
electron susceptibility (xcond) and an ion-core diamagneti
susceptibility (xdia,core). The conduction-electron susceptibi
ity xcond is thus obtained as

xcond5xnm2xdia,core. ~3!

For the diamagnetic correctionxdia,core, we take the val-
ues as given by Selwood26: 21231026 emu/mol for Ni21

and 20.231026 emu/mol for B31. In the case of nickel-
metalloid alloys,xcond can be identified with a Pauli suscep
tibility that depends on the electronic density of states~DOS!
at the Fermi level,N(EF), as discussed in Sec. IV A. Th
values of the magnetic parametersss(300 K), CCW, u, xnm,
andxconddetermined in the above manner for the amorpho
Ni-B alloys with >25-at. % B are given in Table I, togethe
with relevant data from the literature.10,13

The saturating ferromagnetic componentss(T) due to
ferromagnetic precipitates~crystalline Ni! was only slightly
decreasing with increasing temperature up to 300 K. T
value ofss(300 K) which depends on the specific details
the melt-quenching process is very small in all the allo
studied here. The observed magnitudes ofss(T) correspond
to a magnetization of about 10–50-wt ppm pure crystall
Ni in our samples. The value ofCCW decreases continuousl
with increasing B content, becoming very small f

y

ng
.2

.

TABLE I. Magnetic parameters of amorphous Ni-B alloys with>25-at. % B. In the present work,xnm

was a temperature-independent parameter in fitting the susceptibility data measured in the range 4<K T
<300 K. Thexnm data from Refs. 10 and 13 are the reportedxnm(0 K) andx0(100 K) values, respectively

B content
~at. %!

ss(300 K)
(1023 emu/g)

CCW

(1026 K emu/g)
u

~K!
xnm

(1026 emu/g)
xcond

(1026 emu/mol) Ref.

25 1.0 17 3.7 0.8560.02 4961
31 2.9 11 3.7 0.8760.09 4764
33 3.9 6 3.5 0.7560.08 4063 this
35 3.1 3 2 0.6860.14 3666 work
40 0.5 ,1 0.4260.07 2463

30.8 162.7 18.5 0.8560.01 4661
34 124.2 33.1 0.7460.01 3961 10
37 12.8 5.9 0.6460.01 3461

33.3 0.6060.05 3463 13
37 0.5060.05 2863
3-3
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I. BAKONYI et al. PHYSICAL REVIEW B 65 104423
a-Ni60B40. SinceCCW5nm2/3kB , wherem is the average
magnetic moment of the giant-moment clusters,n is their
concentration in the sample, andkB is Boltzmann’s constant
it follows that either the size or the concentration of t
clusters~or both! become smaller when the alloy is enrich
in B. This finding is expected since the more B atoms are
the alloy, the lower is the probability for the formation o
Ni-rich segregations. The very smallu values for the presen
Ni-B alloys indicate that the giant-moment clusters rem
paramagnetic in the whole temperature range investigate
is noted that theu.0 values in Table I can occur eventuall
also due to the approximate description of the real temp
ture dependence by Eq.~2!.

According to the parameters characterizing the magn
inhomogeneities in the amorphous matrix as listed in Tab
their contribution to the total observed magnetization
fairly small in our samples~see Table I!, especially in com-
parison with previous studies. Therefore, the conduct
electron susceptibility could be reliably extracted from t
experimental data. The composition dependence ofxcondwill
be discussed in more detail in Sec. IV A.

2. Magnetism of amorphous Ni-B alloys withBÉ18.5 at. %

As discussed in Sec. I, during the preparation of am
phous Ni-B alloys with>25-at. % B, amorphous and crys
talline inhomogeneities may occur in the form of gian
moment paramagnetic clusters and ferromagn
precipitates, respectively. The formation~i.e., the number
and size! of these magnetic inhomogeneities is influenced
the composition of the matrix and by the preparation te
nique~in the case of melt quenching, by the cooling rate a
the glass-forming ability!. It was pointed out in Sec. III A 1
that for a given starting material~i.e., a given impurity con-
tent! and cooling conditions, either the size or the concen
tion of the giant-moment paramagnetic clusters, or both,
creases when increasing the Ni content. For this reaso
'18.5-at. % B one may expect the formation of larger gia
moment clusters than for 25-at. %<B<40-at. %. Further-
more, the rather low glass-forming ability at 18.5-at. %
may also influence the size and concentration of the fe
magnetic precipitates. Any of these two facts may lead to
situation that, at'18.5-at. % B, besides the normal ferr
magnetic crystalline precipitates and giant-moment param
netic clusters which are characteristic for the higher B c
tent ~>25-at. % B! alloys, magnetic inhomogeneities in siz
between those of the other two types are also formed du
the melt-quenching process. If the size of the magnetic in
mogeneities becomes significantly higher than the us
giant-moment cluster size@(5 – 10)mB ~Ref. 23!# but still re-
mains below a critical value for a given temperature, then
have to deal with SPM particles.27,28 The magnetic behavio
of the latter is intermediate between the giant-moment c
ters and bulk ferromagnetics.

It has indeed been demonstrated for amorphous N
alloys4 that when the Ni content approaches the critical c
centration for the PM-FM transition, the magnetization
these alloys is dominated by the contribution of SPM p
ticles. In this section, it will be shown that the observ
magnetization characteristics of amorphous Ni81.5B18.5 can
10442
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be interpreted in the same framework.
In a recent paper,29 we compared the previously reporte

magnetization isotherms7,10,11,14 of melt-quenched amor
phous Ni81.5B18.5 alloys. A rapid increase up to a few kO
was found in each case and then, in fields of 10–20 kOe,
magnetization reached an apparent saturation value of a
1 emu/g. This saturation value varied only little with tem
perature between 4.2 and 300 K. From the magnetiza
isotherms reported in Ref. 11, the Arrott plots@s2(H,T) vs
H/s(H,T)# were constructed.29 Their analysis yielded a Cu
rie point of 510 K that is very close to the result~450 K! of
Kaul and Rosenberg10 from a similar analysis for a melt
quenched amorphous Ni81.6B18.4 alloy. For thea-Ni81.5B18.5
alloy reported in Ref. 14, an Arrott plot evaluation of th
magnetization isotherms between 5.1 and 300 K also in
cated a Curie point well above room temperature.

On the other hand, a comparison of the magnetizat
data of the a-Ni81.5B18.5 alloy with results on
a-Ni81.52xFexB18.5 alloys29 revealed that the partial replace
ment of Ni by Fe in thea-Ni81.5B18.5 alloy drastically re-
duced the magnetization values and the magnetic trans
temperatures~a Curie point as low as about 50 K was o
served even forx53!. This finding was attributed29 to the
fact that the introduction of Fe into the binary Ni81.5B18.5
alloy significantly improved the glass-forming ability, an
helped avoid the formation of strongly magnetic inhomog
neities during the melt-quenching process. In the binary
loy, these inhomogeneities~Ni-rich segregations! will be
identified below as particles with a SPM behavior.27,28

We will proceed similarly as was done in the case
amorphous Ni-P alloys around the critical concentration
the onset of magnetism.4 Therefore, the magnetization of th
a-Ni81.5B18.5 alloys will be analyzed by the Langevi
function27,28

s~H,T!5nm@coth~mH/kBT!2kBT/mH#. ~4!

Herem andn are the average magnetic moment and c
centration of the SPM particles, respectively. According
Eq. ~4!, the magnetization of an assembly of SPM particles
a function ofH/T only.

Figure 2 shows thes(H,T) vs H/T plot for the
a-Ni81.5B18.5 alloy reported in Ref. 14 and, in the inset, fo
the data from Ref. 11. It can be established that, above a
90 K, the magnetization data at various temperatures fol
a common trend for both alloys. The solid lines repres
Langevin functions fitted as close as possible to the exp
mental data. These lines correspond to the magnetiza
contribution of SPM particles having an average momen
several thousand Bohr magnetons and a particle densit
the order of 1016/g. By taking 0.6mB /Ni atom, a typical
SPM particle in thesea-Ni81.5B18.5 alloys consists of abou
104 Ni atoms. Such a particle corresponds to a cube hav
about 22 atoms along each edge. By taking 0.5 nm for
diameter of a Ni atom, one ends up with a particle size
about 10 nm, which is quite reasonable.

These SPM particles are apparently much larger that th
deduced from a similar analysis of electrodeposited am
phous Ni-P alloys4 around the PM-FM transition~15–17-
3-4
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at. % P! where the particles consisted of typically 200
atoms. On the other hand, the particle density was abou
order of magnitude higher for the Ni-P alloys.4 It is obvi-
ously hard to estimate to what extent the differences in p
ticle size and density arise due to the different prepara
techniques and due to the different influence of P and B
the glass-forming ability even if we know that the glas
forming ability is definitely much lower for the Ni-B system
around 18.5-at. % metalloid content. Nevertheless, som
the very large particles in thea-Ni81.5B18.5 alloy may already

FIG. 2. Magnetization~s! vs. H/T plot for a-Ni81.5B18.5 by
using data from Ref. 14. The different symbols refer to differe
temperatures in the range 90–300 K. The solid line represen
Langevin function describing the magnetic behavior of SPM p
ticles according to Eq.~4! with the parametersm57500mB andn
51.131016 particles/g. The inset shows the same plot for t
a-Ni81.5B18.5 alloy by using data from Ref. 11 forT590 and 180 K,
and the solid line is the Langevin function withm56000mB and
n53.431016 particles/g.
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behave as FM precipitates. This fact may partly explain
deviation of the experimental data~Fig. 2! from the ideal
SPM behavior according to Eq.~4!. Another reason for the
discrepancy can be a distribution of SPM particle size~and,
correspondingly, the magnetic moment! that was shown30 to
lead to a deviation of the experimental data from the Lan
vin function, just as observed in Fig. 2.

On the basis of the analysis in this section, it can
established that the magnetization of amorphous all
around the composition Ni81.5B18.5 is dominated by SPM par
ticles which are embedded in a Pauli paramagnetic am
phous matrix, in agreement with the conclusion of seve
previous studies.11,29

B. Magnetic susceptibility of liquid Ni-B alloys

The magnetic susceptibility was studied for liquid Ni-
alloys in the composition range 18.5–40-at. % B. The beh
ior of the susceptibility with temperature around the melti
and solidification points was found to be similar for all th
alloys studied here as already reported for a Ni81.5B18.5
alloy14 and for Ni-P4 and Ni-P-B alloys.14 At the high tem-
peratures of the molten state (T.1300 K), neither FM
phases nor magnetic inhomogeneities with localized m
netic moment are present since the Curie point of Ni is 6
K. Therefore, the measured susceptibility is characteristic
the molten state of the alloy only. Usually, the magnetic s
ceptibility xnm of liquid Ni-metalloid alloys exhibits a weak
linear temperature dependence,14 and such a behavior wa
observed also in the present work and previously.13,14,31The
liquid state susceptibility data of Ni-B alloys are collected
Table II, together with corresponding data from the literatu

C. Magnetic susceptibility of crystalline Ni-B compounds

In the composition range of the amorphous phase form
tion of Ni-B alloys, there are several stoichiometric interm

t
a

-

TABLE II. Magnetic susceptibility data of liquid Ni-B and two ternary Ni-metalloid alloys.

B content
~at. %!

dx1 /dT
(1026 emu/mol K)

x1(1400 K)
(1026 emu/mol)

x1,cond(1400 K)
(1026 emu/mol) Ref.

18.5 168 178
25 10.031 66 75
31 10.034 62 70 this
33 10.020 57 65 work
35 10.032 57 65
40 10.019 39 46

15 150 160
18.5 210 220
22 94 103 13
25 63 72

33.3 45 53
37 38 45

18.5 20.009 156 166 14

19.3 20.005 140 150 31

Ni78B14Si8 10.018 116 126 this
Ni80P14B6 10.027 123 133 work
3-5
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tallic compounds: Ni3B, Ni2B, Ni4B3 , and NiB. The avail-
able room-temperature magnetic susceptibility data of N
compounds are collected in Table III. The apparently
large values reported in some cases will be omitted from
further evaluation~see the third column of Table III!, since
these data indicate the presence of a large amount of Ni-
segregations as we have discussed in detail for the cas
the NiB compound.38

IV. DISCUSSION

A. Composition dependence of the conduction-electron
susceptibility of Ni-B alloys

As mentioned in Sec. III A 1, the conduction-electron su
ceptibility can be obtained from the measured matrix susc
tibility by correcting for ion-core diamagnetism according
Eq. ~3!. Based on thexcond data summarized in Tables I–III
the composition dependence of the conduction electron
ceptibility of Ni-B alloys is shown in Fig. 3. The suscept
bility xcond decreases nearly linearly with a B content of
>25 at. %, and its value is practically the same for the am
phous and crystalline modifications. The liquid state data
1400 K are somewhat higher; however, when extrapola
according to the observed temperature dependence dow
300 K, they fall fairly close to the data of the amorphous a
crystalline states.

For Ni-metalloid alloys, the main contribution toxcond is
the Pauli susceptibilityxP ~Refs. 4 and 10! since, due to the
nearly filledd band, the Van Vleck orbital susceptibility ca
be neglected. The Pauli susceptibility can be written as

xP5mB
2N~EF!. ~5!

Due to an intraatomic electron-electron exchange inte
tion, the Pauli susceptibility is enhanced by the Stoner fac
S and the enhanced Pauli susceptibility can be expresse

TABLE III. Room-temperature magnetic susceptibility of cry
talline Ni-B compounds. The conduction electron susceptibility
given for reliable matrix susceptibility values only.

Compound
xnm

(1026 emu/g)
xcond

(1026 emu/mol) Ref.

1.41 32
Ni3B 0.95 5461 33

0.9660.02 5461 12

0.87 34
Ni2B 0.73 32

0.7260.03 35
0.7060.03 3661 12

Ni4B3 0.4760.02 2561 12

0.2020.17 36
0.1460.03 35

NiB 0.0460.02 37
20.04 461 34
20.08 461 32
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xPS5SxP5mB
2N~EF!/@12IN~EF!#, ~6!

where I is the exchange integral characterizing the stren
of the electron-electron interaction. In the case of alloys, a
first approach, we may take a simple compositiona
weighted value ofI or a more sophisticated weighting a
suggested in Ref. 39. SinceI 50 can be assumed for a
metalloid atoms, both kinds of averaging lead practically
the sameI value for a given alloy composition.

By taking I (Ni) 50.498 eV~Ref. 40!, we can now calcu-
late the Stoner-enhanced Pauli susceptibilityxPS of Ni-B al-
loys as a function of composition. This calculation can
performed by using the electronic DOS data derived fr
reported low-temperature specific-heat measurements on
metalloid alloys. In order to compare theN(EF) data ob-
tained from the electronic specific-heat coefficient for N
based alloys with different metalloids, the authors of Ref.
used the quantityxZM for characterizing the average ele
tronic concentration for an alloy Ni12xMx whereZM is the
chemical valence of the metalloidM ~ZB53, ZSi54, and
ZP55!.42–47The parameterxZM corresponds to the averag
magnetic valenceZm introduced in Ref. 48~in this scheme,
ZNi50 and ZCu51!. In Fig. 4, theN(EF) values derived
from available specific-heat data for Ni-metalloid alloys a
plotted againstZm over wide composition ranges and fo
different metalloids. The variation ofN(EF) with Zm can be
considered as representing the DOS curveN(E) as a func-
tion of the electron energyE.

By using the approximate average of theN(EF) data in-
dicated by the thick line in Fig. 4, the Stoner-enhanced P

FIG. 3. Composition dependence of the conduction-elect
susceptibilityxcond of amorphous~d!, crystalline ~n!, and liquid
~s! Ni-B alloys by using the data in Tables I, II, and III. Fo
amorphous and crystalline states the data refer to low tempera
~0–300 K!, and for the liquid state to 1400 K. The thin solid lin
represents a linear fit to the amorphous and crystalline Ni-B a
data for the composition range 25–50-at. % B~also shown on an
enlarged scale in the inset! and the dotted line represents merely
trend for lower B contents. The data points denoted by ‘‘3’’ refer to
the liquid state susceptibility when extrapolated to 300 K. The th
solid curve corresponds to the Stoner-enhanced Pauli suscepti
xPS according to Eq.~6!.
3-6
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susceptibilityxPS was calculated for Ni-B alloys. These da
are displayed in Fig. 3 by the thick line, showing a fair
good agreement with the experimentalxcond data.

It is particularly interesting to consider thea-Ni81.5B18.5
alloy for which the Stoner enhancement factor is obtained
S(Ni81.5B18.5)52.6. On the other hand, the theoretically ca
culated value for Pd metal isS(Pd)54.46~Ref. 40!. Accord-
ingly, for the paramagnetic Pd metal the Stoner enhancem
factor is about twice as high as that ofa-Ni81.5B18.5. There-
fore, the latter alloy is also expected to exhibit a Pauli pa
magnetic matrix and not ferromagnetism. This conclusion
also in line with a recent theoretical band-structu
calculation49 according to whicha-Ni80B20 is a paramagnetic
metal.

B. On the temperature-dependence of the conduction-electron
susceptibility of amorphous Ni-B alloys withÐ25-at. % B

As described in Sec. III A 1, the contribution of nonma
netic matrix atoms in amorphous Ni-B alloys in the ran
4.2–300 K can be characterized by a nearly temperature
dependent susceptibilityxnm for >25-at. % B. On the othe
hand, other investigators have reported on either
decreasing10 or increasing13 matrix susceptibility with in-
creasing temperature for the same composition range
melt-quenched amorphous Ni-B alloys. Therefore, it is n
essary to consider first the possible origin of a tempera
dependence ofxcond.

For Ni-metalloid alloys, the dominant contribution t
xcond is the Pauli susceptibility. Therefore, ifxcond is tem-
perature dependent, it should be primarily through the te
perature dependence ofxP , which is given by10

xP~T!5xP~0!@11~p2kB
2/6!nT2# ~7!

for alloys in which the Stoner enhancement is not too hi
HerexP(0)5mB

2N(EF) is the Pauli susceptibility at the ab
solute zero. The quantityn in Eq. ~7! is defined as

n5N9~EF!/N~EF!2@N8~EF!/N~EF!#2 ~8!

where theN8(EF) and N9(EF) denote the first and secon
derivatives of the electronic DOS at the Fermi levelEF ,
respectively. It can be seen from the above formulas thatxP
should have a quadratic dependence on temperature, an
the sign of the curvature is determined, throughn, by the
shape of the DOS curve atEF . When the Fermi level is at a
valley of the DOS, the value ofn @see Eq.~8!#, is positive
and when it is at a peak of the DOS it is negative.

Kaul and Rosenberg,10 as well as the authors of Ref. 13
fitted their experimental data to Eq.~7! and obtainedn,0
and n.0, respectively, for amorphous Ni-B alloys wit
>30-at. % B. However, the interpretation of susceptibil
data in terms of Eqs.~7! and ~8! leads to contradictory con
clusions concerning the shape of the DOS in amorph
Ni-B alloys. By considering Fig. 4 as representing the sh
of the DOS curve in Ni-metalloid alloys, we can fairly safe
state that there is no peak in the DOS curve for Ni-B am
phous alloys in the composition range investigated in R
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10, i.e.,n cannot be negative. A minimum in the DOS curv
also does not seem to appear in Fig. 4, at most a flatte
occurs at high B contents that might be consistent with
small positiven value only. Therefore, a large positive valu
of n also does not seem to be real, in contradiction to
interpretation in Ref. 13 for the increase ofxnm with
increasingT.

It is concluded on the basis of the arguments given ab
that a quadratic temperature dependence ofxP according to
Eq. ~7! can be excluded for amorphous Ni1002xBx alloys with
25<x<40 in contrast to the suggestion of Refs. 10 and
Magnetic inhomogeneities in the form of FM precipitat
and/or giant-moment paramagnetic clusters are alw
present to some extent in the matrix of these amorph
alloys. According to Table I, the amount of such magne
inhomogeneities was especially large for the samples stu
in Ref. 10. This may well have caused the apparent decre
of xnm with temperature after removing the contribution
the magnetic inhomogeneities from the measured magne
tion. The temperature dependence of the matrix suscept
ity, if any, cannot be deduced, therefore, in most cases
ably for such amorphous alloys. According to the availa
experimental evidence presented for amorphous Ni-B all
here ~Fig. 1! and in Ref. 13, as well as fora-Ni80P14B6 in
Refs. 25 and 50, there may be at most a vary weak, appr
mately linear temperature dependence ofxcond with a posi-
tive slope in the temperature range 100–500 K.

At the high temperatures of the molten state; however,
magnetic inhomogeneities can be present in Ni-metalloid
loys. Thus, the temperature dependence of the liquid s
susceptibility can be more accurately determined and th
data will now be discussed.

C. Temperature coefficient of the magnetic susceptibility
in liquid Ni-metalloid alloys

We have previously reported14 that for liquid
Ni81.5BxP18.52x alloys there is a correlation between the ma

FIG. 4. Electronic density of states at the Fermi level,N(EF),
derived from low-temperature electronic specific-heat data for v
ous Ni-metalloid alloys indicated in the legend. TheN(EF) values
are displayed as a function of the magnetic valence introduce
Ref. 48 ~for more details, see the text!. The thick solid line repre-
sents an approximate average through the data points.
3-7
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nitude of the conduction electron magnetic susceptibility a
the slope of its linear temperature-dependent varia
(dx l ,cond/dT). It is found thatdx l ,cond/dT decreases with
increasingx l ,cond and it becomes even negative for the hig
estx l ,condvalues. The correlation could be explained53 based
on the electronic DOS of Ni-metalloid alloys as derived fro
low-temperature specific-heat measurements~see Fig. 4!.

According to Ref. 53, the temperature derivative ofxP is
determined by taking into account~i! the explicit T depen-
dence of the Fermi function and~ii ! the volume (V) depen-
dence ofN(EF) and its variation through thermal expansio
For the latter contribution, it can be assumed thatN(EF) is
proportional toVn @for free electronsn5 2

3 ~Ref. 54!, for
transition-metald bandsn' 5

3 ~Ref. 55!#. In this manner, we
can write

d ln xP /d ln T5naVT1] ln xP /] ln T, ~9!

where aV stands for the thermal volume expansion coe
cient. It can be easily shown53 that the temperature coeffi
cient of the Pauli susceptibility is enhanced by the Sto
factor.

In Ref. 53, the analysis of the correlation betwe
dx l ,cond/dT and x l ,cond was based on a model DOS curv
representing the variation ofEF and N(EF) with alloying.
According to Fig. 4, the change of the magnetic valence
be considered as corresponding to the shift of the Fermi
ergy when the alloy composition is changed~a low value of
2Zm corresponds to lowEF , and vice versa!. Since
d ln x/d ln T5(T/x)dx/dT5Tax where ax5(1/x)dx/dT is
the temperature coefficient of the magnetic susceptibility
might be more useful for a more direct comparison of Eq.~9!
with experiments if we plot the quantityTax as a function of
the magnetic valence. By using data for all Ni-metalloid
loys from the present work~Table II! and from all previous
studies, Fig. 5 shows thatTax increases nearly linearly with
the variation of the magnetic valence~or the Fermi energy!.

FIG. 5. Variation of the quantityTax , whereax is the tempera-
ture coefficient of the conduction-electron susceptibility with ma
netic valenceZm for Ni-metalloid alloys. The data are from Table
~Ni-B, Ni-P-B, and Ni-B-Si! and from Refs. 14~Ni-P, Ni-P-B!, 51
~Ni-P!, and 52~Ni-P!.
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The change ofTax in Fig. 5 closely resembles the results
calculations based on Eq.~9! ~see Fig. 2 in Ref. 53!.

In order to estimate the importance of the volume exp
sion term (naVT) in Eq. ~9!, we can make the following
considerations. For pure fcc-Ni, the thermal-expansion co
ficient isaV54031026/K ~Ref. 56!, and very similar values
were reported for various Ni-metalloid glasses and crys
line compounds: aV(c-Ni3B)54131026/K ~Ref. 57!,
aV(a-Ni75P25)54231026/K ~the latter value remained
practically unchanged upon crystallization!,58 and
aV(a-Ni-B-Si)5(34– 3931026/K) ~Ref. 59!. As a typical
value for Ni-metalloid alloys, we may takeaV540
31026/K. The value ofn can vary between2

3 and 5
3, and

since the data in Fig. 5 refer toT51400 K, we obtain
naVT50.037 and 0.093, respectively, for the two limitin
values ofn.

According to Fig. 5, the experimental values ofTax span
from about20.1 to11.1 for the various Ni-metalloid alloys
As estimated above, the thermal expansion contribut
(naVT) is fairly small in comparison with the experiment
values ofTax ~and remains nearly the same for all alloys!.
Therefore, the dominant contribution to the temperature
efficient of the conduction electron susceptibility in liqu
Ni-metalloid alloys arises from the variation ofN(EF) with
temperature via the explicit temperature dependence of
Fermi function.

V. CONCLUSIONS

The compositional evolution of the magnetic propert
was established in the Ni-B system for different structu
states. After removing the magnetization contribution of N
rich chemical inhomogeneities, the matrix of all amorpho
alloys investigated~18.5-at. %<B<40-at. %! was found to
exhibit Pauli paramagnetism. The liquid state susceptibi
data when extrapolated to room temperature and the sus
tibility of the crystalline Ni-B stoichiometric compound
were in good agreement with the corresponding amorph
alloy data.

By using N(EF) data deduced from previous low
temperature specific-heat experiments, the Stoner-enha
Pauli susceptibility of Ni-B alloys was calculated, whic
showed a reasonable agreement with the experimental
duction electron susceptibility. This means that the Pauli s
ceptibility of Ni-B alloys could be successfully accounted f
in terms of the known electronic DOS data of this system

Concerning previous controversial results on the tempe
ture dependence of the matrix susceptibility of the am
phous Ni-B alloys, it was established that fitting the repor
temperature dependence ofxP to a T2 function cannot be
valid since this procedure leads to conclusions in contra
tion with the known electronic DOS curve for these alloy
The temperature dependence, if any, is very weak, at mo
small linear increase can be traced out as demonstrated fo
a-Ni75B25 alloy here. In most cases, a temperature dep
dence, if any, is masked by the contribution of magne
inhomogeneities.

On the other hand, in the liquid state a very clear line
temperature dependence of the conduction electron susc

-
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bility can be observed for Ni-metalloid alloy systems, inclu
ing Ni-B. A monotonic, nearly linear increase of the tempe
ture coefficient of the conduction electron susceptibility w
the magnetic valence was established in these liquid all
By taking into account the variation ofN(EF) as a function
of the magnetic valence for the same Ni-metalloid alloys,
observed change of the temperature coefficient of the sus
tibility could be explained as arising mainly from the explic
.

ys

.

og

-
da

. J

o

o

N

ce

al
s.

e

y

10442
-
-

s.

e
p-

temperature dependence of the Fermi function.
The critical concentration for the PM-FM transition in th

Ni-B system could be estimated to be beyond 81.5-at. %
from the present study. Relying on the experimentalN(EF)
data, this finding is also supported by estimates of the Sto
enhancement factor. Namely, for thea-Ni81.5B18.5 alloy S
could be estimated to be only half of the value for param
netic Pd metal.
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