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From a comprehensive study of the magnetic properties of amorphous and liggid,Rj 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 evex=fd8.5, 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 statP©S 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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[. INTRODUCTION form of ferromagnetic precipitatggrystalline Ni or Ni-rich
regions and giant-moment paramagnetic clust¢esmor-
Pure Ni metal is known to be a strong itinerant ferromag-phous Ni-rich segregations carrying a magnetic moment of
net in which the uncompensated electron spins of spin-dowtypically (5—10)g]. The behavior of the latter can be de-
d subbands give rise to the observed ferromagnetism. Alloyscribed by a Curie-Weiss-type susceptibility, and their con-
ing Ni with sp elements(e.g., metalloids such as B or) P tribution could be properly separated from the matrix mag-
reduces the strength of the exchange interaction betweametization.
electrons in thed band of Ni, leading to a decrease of the In the Ni-B alloy system, several studies of the magnetic
saturation magnetic moment and Curie temperatarat properties were already reported on chemically redtted
sufficiently high metalloid contents, ferromagnetism com-and melt-quenchéd'® amorphous alloys. By considering
pletely disappears and Pauli paramagnetism can bprevious works on the preparation of melt-quenched amor-
observed. phous Ni-B alloys’~?!it can be established that two glass-
The nature of this ferromagnetic-paramagnetic FM-PMforming ranges were usually found, although the limiting
transition was recently studied in detail for the amorphousoncentrations varied to some extent from work to work. The
Ni-P alloy system in the composition range from 10- to 25-very narrow first range is around the eutectics at 17-at. % B
at. % P! The critical concentration for the onset of FM order and the second range spans between about 30- and 40-at. %
could be identified as 85.7-at. % N14.3-at. % P, beyond B. Exceptionally, the formation of an amorphous state of a
which very weak itinerant ferromagnetistdWIF) could be  melt-quenched NiB,s alloy was reported!
observed. It should be mentioned, however, that the magne- In the concentration range from 30- to 40-at. % B, amor-
tization of Ni-P alloys for intermediate compositiofd4—  phous alloys can been obtained without the presence of a
17-at. % B was dominated by superparamagné8fM) par-  significant amount of crystalline precipitates. On the other
ticles which were strongly Ni-enriched segregationshand, for Ni-B alloys at about 18.5-at. % B, the formation of
embedded in a homogeneous amorphous matrix. The exigiot entirely amorphous regioits.g., crystalline Ni and NB
tence of such SPM particles could be demonstrated in thparticles of about 10—3@m diametef9 cannot usually be
VWIF phase as well. Magnetic inhomogeneities could alscavoided, and they can constitute as much as 2-3 % of the
be revealed in the paramagnetic phaBe>(L7 at. %) in the total sample volume. As discussed below, Ni-B alloys at this
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particular B-content are already close to the PM-FM transi-Sec. 1V, first the composition dependence of the Pauli sus-
tion. In Ni-based alloys, either crystalliffeor amorphou$?®  ceptibility of Ni-B alloys is discussed on the basis of previ-
Ni atoms have a very strong tendency toward segregation iausly reported low-temperature electronic specific-heat data.
the neighborhood of the critical concentration for the appearThen the temperature dependence of the Pauli susceptibility
ance of ferromagnetism. Besides the required very high coolof amorphous Ni-B alloys witt=25-at. % B and the tem-
ing rate necessary to avoid the formation of Ni precipitateerature coefficient of the conduction-electron susceptibility

completely, this phenomenon may also play a significant rold" liquid Ni-metalloid alloys are discussed. All these features
in the difficulties to obtain fully amorphous NiBss Will be explained in terms of the electronic band structure of

samples by melt-quenching. Ni-B alloys. In Sec. V, the conclusions of the present study

Similarly to the case of the glass-forming ability, amor- @ré summarized.
phous Ni-B alloys can be divided into two groups, also from
the viewpoint of their observed magnetic behavior. For com- Il. EXPERIMENT
positions around 18.5-at. % B, ferromagneticlike magnetiza-
tion characteristics were observed in all reported . .
studies’ *+13-1%The interpretation of the observed magneti- Here we shall be concerned mainly with the same amor-
zation characteristics of amorphous Ni-B alloys around 18.5Phous Nigo_xBy alloy ribbons prepared by melt spinning
at.% B has remained controversial up to now: either Paulwith x=18.5, 25, 31, 33, 35, and 40, on which we have
paramagnetishf 1 13-150r the VWIF® was concluded. In already reported some magnetization a8 NMR
support of the latter view, ferromagnetic resonafEpR)  Studies.***>?* Results for another melt-quenched amor-
measurement$ were also performed, whereas evidence ofPhous Ni; $B1g5 alloy, which was part of a Ni-P-B alloy
Pauli paramagnetism was obtained from measurements &gries;” will also be included. More details of the sample
the susceptibility of the liquid staté'31%and from a com- preparation and sample characterization were described
bined high-field magnetization andB NMR Knight shift ~ previously:*4?!
study!

On the other hand, for all the amorphous Ni-B alloys with B. Magnetic measurements

=25at.% B, a Pauli paramagnetic behavior was  tpe magnetic properties of amorphous ribbons were mea-
found”"""*It is generally accepted that the majority of the g,req by Faraday-type magnetic balances in magnetic fields
atoms in the amorphous matrix are nhonmagnetic, and thq}p to 50 kOe(18.5-at. % B and up to 9.4 kO&=25-at. %
their main susceptibility contribution is of Paulilparamag- B). For each alloy, both the field and temperature depen-
netic type. However, the reported results concerning the teMyences of the magnetization were determined from the
perature dependence of the Pauli susceptibility are St"'iquid-helium range to room temperature.

H 0,13 . i
contradictory. In a high-temperature magnetic Faraday balance, the tem-

_One of the purposes of the present paper is to clear up therature dependence of the magnetization was determined
still existing controversies in the reported magnetic behaviok.qm 300 K into the molten stat@ip to about 1500 Kin a

of amorphous Ni-B alloys. Here we will give a more detailed agnetic field of 17 kOe at a heating rate of 5 K/min.
account of our previous magnetization studfiéé*on melt-

A. Samples

quench_ed famorphous Ni-B aIon_ ribbons, a_nd present results IIl. RESULTS AND DATA ANALYSIS

for the liquid state as well. Special emphasis will be devoted . . .

to evaluating available magnetization data of amorphous, A. Magnetic properties of amorphous Ni-B alloys
crystalline, and liquid Ni-B alloys in order to show the fol-

S 7 . 1. Magnetization isotherms of amorphous Ni-B alloys
lowing: (i) The ferromagneticlike behavior observed for with 25-at. %<B<40 at. %

amorphous Nj; 8155 alloys can be attributed to SPM par-
ticles, whereas the alloy matrix is paramagnetic with a large, The magnetization isotherms of amorphousgli.B, al-
Stoner-enhanced Pauli susceptibilit§i) For amorphous loys in the composition range 25-to 40-at. % B were found
Ni-B alloys with 25-at. %<B<40at. %, the matrix Pauli O be qualitatively very similar to those reported recently for
susceptibility is practically temperature independent, and dePM amorphous Ni-P, Ni-P-B, and Ni-B-Si allo§s**°Here
creases linearly with increasing B content. Results on thave shall follow the scheme of Ref. 4 in analyzing the data.
liquid state susceptibility of Ni-B alloys allowed us to trace At @ given temperature, the magnetizatign of the Ni-B
out a weak temperature dependence of the Pauli susceptib@morphous alloys can be separated ifit@ small ferromag-
ity of the structurally disordered phase at such high temperaRetic contributions5(T), being saturated for magnetic fields
tures. We shall also discuss the variation of the temperaturd=Hs (according to our experiencé{s varied typically
coefficient of the conduction electron susceptibility with al- from 2 to 4 kOg; and(ii) a linear term characterized by the
loy composition in liquid Ni-metalloid systems, and will ex- temperature dependent initial susceptibiljy(T). In this
plain it in terms of their electronic band structure. manner, for magnetic fieldd>Hs, the magnetization could
The paper is organized as follows. Section Il describes th&e described as
details of sample preparation and magnetic measurements. In
Sec. lll results are presented for amorphous, liquid, and crys- o(H,T)=0y(T)+ xo(T)H. (1)
talline Ni-B alloys, with special emphasis on the magneticThe susceptibilityyo(T) could be written for the whole tem-
behavior of the amorphous alloys around 18.5-at. % B. Irperature range as
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. 1.00  creasing temperature, as discussed previétify Ni-based
3.0 l I alloys, may also lead to an apparent temperature dependence
_ of xnm- Therefore, due to the presence of the Curie-Weiss
S 251 i term, a reliable temperature dependenceygf, cannot be
5 | 0.5 deduced for the amorphous Ni-B alloys, especially for higher
%o 201 B contents.
= According to the work of Amamou and Duraftithe FM
& 15 L 090 magnetization component can be attributed to crystalline Ni
= L or Ni(B) precipitates, and the CW term can be ascribed to the
1.0 - presence of giant-moment paramagnetic clusters consisting
of Ni-rich amorphous regions embedded in the amorphous
05 —+ 0.85 matrix. The temperature independent susceptibjity, can
0 300 be associated with the contribution of non-magnetic atoms of

the amorphous phase, and it is composed of a conduction
electron susceptibility .o, and an ion-core diamagnetic
susceptibility {qia cord- The conduction-electron susceptibil-
ity xcongiS thus obtained as

FIG. 1. Temperature dependence of the initial susceptibility
xo(T) for the a-Ni;sB,5 alloy. The inset shows that at the lowest
temperatures, Ed2) is valid with a temperature-independent value
Xnm=0.85<10"® emu/g, and this plot also yields the valueGy

and @ (see Table)l The quantityyo(T) — xcw (= xnr) iS also plot- Xcond™ Xnm™ Xdia, core ©)
ted at the bottom of the figure on an enlarged scale, demonstrating
the possible very weak, linear temperature dependenggaf For the diamagnetic correctiogyia core We take the val-
ues as given by Selwodd —12x 10 ® emu/mol for NF*
Xo(T)=Xnm+ Cow/(T+6), (20 and —0.2x10 ® emu/mol for B*. In the case of nickel-

metalloid alloys,y¢ongCan be identified with a Pauli suscep-

where y,m is a temperature-independent susceptibility, andibility that depends on the electronic density of stdi2©9)
the second term is a Curie-Wei$6W)-type susceptibility at the Fermi levelN(Eg), as discussed in Sec. IVA. The
with the constanC.y, and a characteristic temperatute values of the magnetic parameterg 300 K), Ccw, 6; Xnm»

Figure 1 demonstrates that H®) indeed describes very and y.o,ngdetermined in the above manner for the amorphous
well the temperature dependence of the initial susceptibilityNi-B alloys with =25-at. % B are given in Table |, together
for a-Ni-sB,s. Also plotted in the bottom of the figure are with relevant data from the literatut&!®
the data obtained after removing the fitted Curie-Weiss term The saturating ferromagnetic componen{(T) due to
from the measured susceptibility in a range from 60 to 30Gerromagnetic precipitate&rystalline N) was only slightly
K. An extremely weak temperature dependendg,(,/dT  decreasing with increasing temperature up to 300 K. The
=0.003< 10 ® emu/mol K) could only be revealed. How- value ofo5(300 K) which depends on the specific details of
ever, the evolution oj,,, with temperature was found to be the melt-quenching process is very small in all the alloys
very sensitive to the fitting parameters within a range wherestudied here. The observed magnitudesgfT) correspond
the quality of the fit remained practically unchanged. Itto a magnetization of about 10—50-wt ppm pure crystalline
should also be noted that due to a possible decomposition ®i in our samples. The value &,y decreases continuously
larger Curie-Weiss-type clusters into smaller ones with in-with increasing B content, becoming very small for

TABLE I. Magnetic parameters of amorphous Ni-B alloys wi#25-at. % B. In the present workg,m
was a temperature-independent parameter in fitting the susceptibility data measured in the rahgd 4.2
<300 K. They,,, data from Refs. 10 and 13 are the reported(0 K) and (100 K) values, respectively.

B content 05(300 K) Cecw 0 Xnm Xcond
(at. % (10 % emu/g) (10 Kemulg) (K) (10 ®emul/g) (10 ®emu/mol)  Ref.
25 1.0 17 3.7 0.850.02 49+1
31 2.9 11 3.7 0.8%0.09 474
33 3.9 6 35 0.7%0.08 403 this
35 3.1 3 2 0.6&0.14 366 work
40 0.5 <1 0.42+0.07 24+ 3
30.8 162.7 18.5 0.850.01 46+ 1
34 124.2 33.1 0.740.01 39+1 10
37 12.8 5.9 0.640.01 34+1
33.3 0.60-0.05 34+ 3 13
37 0.50+0.05 28+ 3
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a-NigoBso. SinceCeyw=nu?/3kg, whereu is the average be interpreted in the same framework.

magnetic moment of the giant-moment clustearsis their In a recent papét, we compared the previously reported

concentration in the sample, akg is Boltzmann's constant, Magnetization isotherms®'"** of melt-quenched amor-

it follows that either the size or the concentration of thephous Ni; 155 alloys. A rapid increase up to a few kOe

clusters(or both become smaller when the alloy is enriched was found in each case and then, in fields of 10-20 kOe, the

in B. This finding is expected since the more B atoms are ifmagnetization reached an apparent saturation value of about

the alloy, the lower is the probability for the formation of 1 emu/g. This saturation value varied only little with tem-

Ni-rich segregations. The very smalvalues for the present perature between 4.2 and 300 K. From the magnetization

Ni-B alloys indicate that the giant-moment clusters remainisotherms reported in Ref. 11, the Arrott pldts*(H,T) vs

paramagnetic in the whole temperature range investigated. H/o(H,T)] were constructetf Their analysis yielded a Cu-

is noted that th&>0 values in Table | can occur eventually, rie point of 510 K that is very close to the res50 K) of

also due to the approximate description of the real temperd<aul and Rosenbet§ from a similar analysis for a melt-

ture dependence by E@). quenched amorphous §iB1g 4 alloy. For thea-Nig; B1g 5
According to the parameters characterizing the magnetiélloy reported in Ref. 14, an Arrott plot evaluation of the

inhomogeneities in the amorphous matrix as listed in Table Imagnetization isotherms between 5.1 and 300 K also indi-

their contribution to the total observed magnetization iscated a Curie point well above room temperature.

fairly small in our samplegsee Table), especially in com- On the other hand, a comparison of the magnetization

parison with previous studies. Therefore, the conductiordata of the a-Nig; 8155 alloy with results on

electron susceptibility could be reliably extracted from thea-Nig; 5 F&Big 5 alloys™ revealed that the partial replace-

experimental data. The composition dependence.gf; will ment of Ni by Fe in thea-Nig; 8455 alloy drastically re-
be discussed in more detail in Sec. IVA. duced the magnetization values and the magnetic transition
temperaturega Curie point as low as about 50 K was ob-
2. Magnetism of amorphous Ni-B alloys witB=:18.5 at. % served even fox=3). This finding was attributed to the

As discussed in Sec. I, during the preparation of amorfact that the introduction of Fe into the binary gNiBigs
phous Ni-B alloys with=25-at. % B, amorphous and crys- alloy significantly improved the glass-forming ability, and
talline inhomogeneities may occur in the form of giant- helped avoid the formation of strongly magnetic inhomoge-
moment paramagnetic  clusters and ferromagnetidfleities during the melt-quenching process. In the binary al-
precipitates, respectively. The formatighe., the number loy, these inhomogeneitietNi-rich segregations will be
and sizé of these magnetic inhomogeneities is influenced byidentified below as particles with a SPM behaviof®
the composition of the matrix and by the preparation tech- We will proceed similarly as was done in the case of
nique(in the case of melt quenching, by the cooling rate anc@morphous Ni-P alloys around the critical concentration for
the glass-forming ability It was pointed out in Sec. IIIA1 the onset of magnetisfriTherefore, the magnetization of the
that for a given starting materidile., a given impurity con- a'Ni81.sBlg.5 alloys will be analyzed by the Langevin
teny and cooling conditions, either the size or the concentrafunctior?”**
tion of the giant-moment paramagnetic clusters, or both, in-

creases when increasing the Ni content. For this reason, at o(H,T)=nu[coth( uH/kgT) —kgT/uH]. (4)
~18.5-at. % B one may expect the formation of larger giant-
moment clusters than for 25-at<€B<40-at. %. Further- Here u andn are the average magnetic moment and con-

more, the rather low glass-forming ability at 18.5-at. % Bcentration of the SPM particles, respectively. According to
may also influence the size and concentration of the ferroEQ. (4), the magnetization of an assembly of SPM particles is
magnetic precipitates. Any of these two facts may lead to the& function ofH/T only.
situation that, at~18.5-at. % B, besides the normal ferro- Figure 2 shows theo(H,T) vs H/T plot for the
magnetic crystalline precipitates and giant-moment paramag-Nig; 8155 alloy reported in Ref. 14 and, in the inset, for
netic clusters which are characteristic for the higher B conthe data from Ref. 11. It can be established that, above about
tent (=25-at. % B alloys, magnetic inhomogeneities in size 90 K, the magnetization data at various temperatures follow
between those of the other two types are also formed during common trend for both alloys. The solid lines represent
the melt-quenching process. If the size of the magnetic inhokangevin functions fitted as close as possible to the experi-
mogeneities becomes significantly higher than the usuahental data. These lines correspond to the magnetization
giant-moment cluster siZ€5—10)ug (Ref. 23] but still re-  contribution of SPM particles having an average moment of
mains below a critical value for a given temperature, then weseveral thousand Bohr magnetons and a particle density of
have to deal with SPM particlé42® The magnetic behavior the order of 1éf/g. By taking 0.6:.g/Ni atom, a typical
of the latter is intermediate between the giant-moment clusSPM particle in thes@-Nig; 8155 alloys consists of about
ters and bulk ferromagnetics. 10* Ni atoms. Such a particle corresponds to a cube having
It has indeed been demonstrated for amorphous Ni-Rbout 22 atoms along each edge. By taking 0.5 nm for the
alloys* that when the Ni content approaches the critical con-diameter of a Ni atom, one ends up with a particle size of
centration for the PM-FM transition, the magnetization ofabout 10 nm, which is quite reasonable.
these alloys is dominated by the contribution of SPM par- These SPM particles are apparently much larger that those
ticles. In this section, it will be shown that the observeddeduced from a similar analysis of electrodeposited amor-
magnetization characteristics of amorphoug;NB;s< can  phous Ni-P alloy$ around the PM-FM transitiorf15—17-

104423-4



MAGNETIC PROPERTIES OF AMORPHOUS, CRYSTALLINE. . PHYSICAL REVIEW B 65 104423

behave as FM precipitates. This fact may partly explain the
deviation of the experimental dat&ig. 2) from the ideal
SPM behavior according to E¢4). Another reason for the
discrepancy can be a distribution of SPM particle s&ned,
correspondingly, the magnetic mompgtitat was showif to
lead to a deviation of the experimental data from the Lange-
vin function, just as observed in Fig. 2.

On the basis of the analysis in this section, it can be
0.2 established that the magnetization of amorphous alloys

0 — s . ) )
. ' ' ' ! t around the composition i B 5is dominated by SPM par-
a-Nig1 5B18.5 0 01 02 03 04 05 06 P Bl 5B 16 5 y p

G (emulg)

HT (KOe/K ticles which are embedded in a Pauli paramagnetic amor-
0 . . . . i . (, © ,) . phous matrix, in agreement with the conclusion of several
0 0.05 01 previous studies:?°
H/T (kOe/K)

B. Magnetic susceptibility of liquid Ni-B alloys

FIG. 2. Magnetization(o) vs. H/T plot for a-Nig; 8155 by The magnetic susceptibility was studied for liquid Ni-B
using data from Ref. 14. The different symbols refer to differentg||oys in the composition range 18.5—40-at. % B. The behav-
temperatures in the range 90-300 K. The solid line represents @ of the susceptibility with temperature around the melting
Langevin function describing the magnetic behavior of SPM par-and solidification points was found to be similar for all the
ticles according to Eq(4) with the parameterg.=7500ug andn alloys studied here as already reported for a;NBigs
=1.1x 10' particles/g. The inset shows the same plot for thea||0y14 and for Ni-F* and Ni-P-B aIonSl.4 At the high tem-
a-Nig; 815 salloy by using data from Ref. 11 fai=90 and 180K,  peratures of the molten statel %1300 K), neither FM
and the solid line is the Langevin function wigh=6000ug and  phases nor magnetic inhomogeneities with localized mag-
n=3.4x10'° particles/g. netic moment are present since the Curie point of Ni is 631

K. Therefore, the measured susceptibility is characteristic for
at. % P where the particles consisted of typically 200 Ni the molten state of the alloy only. Usually, the magnetic sus-
atoms. On the other hand, the particle density was about ageptibility x,,, of liquid Ni-metalloid alloys exhibits a weak,
order of magnitude higher for the Ni-P allo§dt is obvi- linear temperature dependertéeand such a behavior was
ously hard to estimate to what extent the differences in parobserved also in the present work and previotigly:*' The
ticle size and density arise due to the different preparatiofiquid state susceptibility data of Ni-B alloys are collected in
techniques and due to the different influence of P and B orfable II, together with corresponding data from the literature.
the glass-forming ability even if we know that the glass- _ . ) _
forming ability is definitely much lower for the Ni-B system  C- Magnetic susceptibility of crystalline Ni-B compounds
around 18.5-at. % metalloid content. Nevertheless, some of In the composition range of the amorphous phase forma-
the very large particles in theeNig; B1g5alloy may already tion of Ni-B alloys, there are several stoichiometric interme-

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

B content dx,/dT x1(1400 K) X1,cond 1400 K)
(at. % (10" % emu/mol K) (10~ emu/mol) (10~ % emu/mol) Ref.
18.5 168 178
25 +0.031 66 75
31 +0.034 62 70 this
33 +0.020 57 65 work
35 +0.032 57 65
40 +0.019 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 —0.009 156 166 14
19.3 —0.005 140 150 31
Ni;gB1.Si +0.018 116 126 this
NigP14Be +0.027 123 133 work
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TABLE Ill. Room-temperature magnetic susceptibility of crys- 1 e
talline Ni-B compounds. The conduction electron susceptibility is 200 1
given for reliable matrix susceptibility values only.
3 1 o
Xnm Xcond % 150 1
Compound (10" emu/g) (10" % emu/mol) Ref. £ ]
(=
_ 141 32 < 400 ]
NisB 0.95 54+ 1 33 g 1
0.96+0.02 541 12 N
0.87 34 50 A _
Ni,B 0.73 32 ] NijgoxBx
0.72£0.03 35 |
0.70+0.03 36-1 12 0+ T T T T
10 20 30 40 50
Ni,Bs 0.47+0.02 25+1 12 B-content, x (at.%)
0.20-0.17 36 FIG. 3. Composition dependence of the conduction-electron
0.14+0.03 35 susceptibility yong Of amorphous(®), crystalline(A), and liquid
NiB 0.04+0.02 37 (O) Ni-B alloys by using the data in Tables I, Il, and Ill. For
—0.04 4+1 34 amorphous and crystalline states the data refer to low temperatures
—0.08 4+1 32 (0—300 K), and for the liquid state to 1400 K. The thin solid line

represents a linear fit to the amorphous and crystalline Ni-B alloy
data for the composition range 25-50-at. %(dso shown on an
tallic compounds: NjB, Ni,B, Ni Bz, and NiB. The avail- €nlarged scale in the ingednd the dotted line represents merely a
able room-temperature magnetic susceptibility data of Ni-grend for lower B contents. The data points denoted By fefer to
compounds are collected in Table Ill. The apparently todthe liquid state susceptibility when extrapolated to 300 K. The thick
large values reported in some cases will be omitted from théolid curve corresponds to the Stoner-enhanced Pauli susceptibility
further evaluationsee the third column of Table )lisince  XPsaccording to Eq(6).

these data indicate the presence of a large amount of Ni-rich 5

segregations as we have discussed in detail for the case of xps=Sxp=pugN(EF)/[1-IN(EF)], (6)

the NiB compound?® . . o
wherel is the exchange integral characterizing the strength

IV. DISCUSSION qf the electron-electron interaction. In'the case of allqys, asa

first approach, we may take a simple compositionally
A. Composition dependence of the conduction-electron weighted value ofl or a more sophisticated weighting as
susceptibility of Ni-B alloys suggested in Ref. 39. Sinde=0 can be assumed for all

As mentioned in Sec. 1 A1, the conduction-electron sus-Metalloid atoms, both kinds of averaging lead practically to
ceptibility can be obtained from the measured matrix suscep!'€ Samé value for a given alloy composition.
tibility by correcting for ion-core diamagnetism according to  BY t@kingI(Ni) =0.498 eV(Ref. 40, we can now calcu-
Eq. (3). Based on the.,gdata summarized in Tables 1111, |ate the Stoner-enhanced Pauli susceptibjtigy of Ni-B al-
the composition dependence of the conduction electron suf@yS @s @ function of composition. This calculation can be
ceptibility of Ni-B alloys is shown in Fig. 3. The suscepti- Performed by using the electronic DOS data derived from
bility xcong decreases nearly linearly wWita B content of reporteq low-temperature specific-heat measurements on Ni-
=25 at. %, and its value is practically the same for the amormetalloid alloys. In order to compare thé(E) data ob-
phous and crystalline modifications. The liquid state data a@@ned from the electronic specific-heat coefficient for Ni-
1400 K are somewhat higher; however, when extrapolate@ased alloys wrgh dlf’\;erent metallmd_s_, the authors of Ref. 41
according to the observed temperature dependence down #§€d the quantitkZ™ for characterizing the average elec-
300 K, they fall fairly close to the data of the amorphous andronic concentration for an alloy I_}uxMwahereSZ is the
crystalline states. chemical valence of the metalloitl (Z°=3, Z°>'=4, and

For Ni-metalloid alloys, the main contribution fg..gis 2 —5)- ' The parametexZ" corresponds to the average
the Pauli susceptibility» (Refs. 4 and 1psince, due to the Magnetic Va'%”CQm introduced in Ref. 48in this scheme,
nearly filledd band, the Van Vleck orbital susceptibility can £ =0 andZ="=1). In Fig. 4, theN(Eg) values derived

be neglected. The Pauli susceptibility can be written as from available specific-heat data for Ni-metalloid alloys are
plotted againstZ,, over wide composition ranges and for

xp=uiN(Eg). (5)  different metalloids. The variation ®(Eg) with Z,, can be
considered as representing the DOS cux{&) as a func-
Due to an intraatomic electron-electron exchange interaction of the electron energk.
tion, the Pauli susceptibility is enhanced by the Stoner factor By using the approximate average of tNéEr) data in-
Sand the enhanced Pauli susceptibility can be expressed aficated by the thick line in Fig. 4, the Stoner-enhanced Pauli
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susceptibilityypswas calculated for Ni-B alloys. These data

are displayed in Fig. 3 by the thick line, showing a fairly 1.6 [ bendine a1
good agreement with the experimenial,,q data. = ] D } N o ek a3y
It is particularly interesting to consider theeNig; Bigs s '] b s
alloy for which the Stoner enhancement factor is obtained as > 12 ] a B N
S(Nig; B1g 5 =2.6. On the other hand, the theoretically cal- @ X_or. NISB (53], Ni28 [47). NiSP (3]
culated value for Pd metal B(Pd)=4.46(Ref. 40. Accord- o 14
ingly, for the paramagnetic Pd metal the Stoner enhancemer = ;
factor is about twice as high as that@fNig; B81g55. There- L% 0.8 -

fore, the latter alloy is also expected to exhibit a Pauli para-
magnetic matrix and not ferromagnetism. This conclusion is 0.6 1

also in line with a recent theoretical band-structure 1Ni-metalloid
calculatio® according to whicka-NigyB,q is a paramagnetic 0.4 — T T
metal 0.4 0.6 0.8 1.0 1.2 1.4 1.6
' magnetic valence, -Z,,
B. On the temperature-dependence of the conduction-electron FIG. 4. Electronic density of states at the Fermi leW{E),
susceptibility of amorphous Ni-B alloys with =25-at. % B derived from low-temperature electronic specific-heat data for vari-

. . o ous Ni-metalloid alloys indicated in the legend. TRéE;) values

As described in Sec. IlIA1, the contribution of nonmag- re gisplayed as a function of the magnetic valence introduced in
netic matrix atoms in amorphous Ni-B alloys in the rangeref, 48 (for more details, see the textThe thick solid line repre-
4.2-300 K can be characterized by a nearly temperature insents an approximate average through the data points.
dependent susceptibility,,, for =25-at. % B. On the other
hand, other investigators have reported on either 40, i.e.,v cannot be negative. A minimum in the DOS curve
decreasin’ or increasing® matrix susceptibility with in- also does not seem to appear in Fig. 4, at most a flattening
creasing temperature for the same composition range dfccurs at high B contents that might be consistent with a
melt-quenched amorphous Ni-B alloys. Therefore, it is necsmall positiver value only. Therefore, a large positive value
essary to consider first the possible origin of a temperatur€f v also does not seem to be real, in contradiction to the

dependence of cong- interpretation in Ref. 13 for the increase af,, with
For Ni-metalloid alloys, the dominant contribution to increasingT.
Xcond IS the Pauli susceptibility. Therefore, if.ong is tem- It is concluded on the basis of the arguments given above
perature dependent, it should be primarily through the temthat a quadratic temperature dependencgghccording to
perature dependence @f, which is given by° Eq. (7) can be excluded for amorphous;p_,B, alloys with
25=<x=40 in contrast to the suggestion of Refs. 10 and 13.
xp(T)=xp(0)[ 1+ (2k2/6) vT?] (77 Magnetic inhomogeneities in the form of FM precipitates

and/or giant-moment paramagnetic clusters are always

for alloys in which the Stoner enhancement is not too highpresent to some extent in the matrix of these amorphous
HereXP(O):MZBN(EF) is the Pauli susceptibility at the ab- alloys. According to Table I, the amount of such magnetic

solute zero. The quantity in Eq. (7) is defined as inhomogeneities was especially large for the samples studied
in Ref. 10. This may well have caused the apparent decrease
»=N"(Eg)/N(Eg)—[N'(Eg)/N(Eg) ]2 ®) of x,m With temperature after removing the contribution of

the magnetic inhomogeneities from the measured magnetiza-

where theN'(Er) andN"(E.) denote the first and second f[ion_. The temperature dependence of the_matrix susceptibi_l-
derivatives of the electronic DOS at the Fermi le&!, ity, if any, cannot be deduced, therefore_, in most cases reli-
respectively. It can be seen from the above formulas yat @Ply for such amorphous alloys. According to the available
should have a quadratic dependence on temperature, and tfgPerimental evidence presented for amorphous Ni-B alloys

the sign of the curvature is determined, throughby the ~ here(Fig. 1) and in Ref. 13, as well as fa-NigP1Be in
shape of the DOS curve & . When the Fermi level is ata RefS: 25 and 50, there may be at most a vary weak, approxi-

valley of the DOS, the value of [see Eq.(8)], is positive ~Mately linear temperature dependencexgfng with a posi-
and when it is at a peak of the DOS it is negative. tive slope in the temperature range 100-500 K.

Kaul and Rosenbertf, as well as the authors of Ref. 13, At the high temperatures of the molten state; however, no
fitted their experimental data to E7) and obtainedv<Q  Magnetic inhomogeneities can be present in Ni-metalloid al-
and »>0, respectively, for amorphous Ni-B alloys with loys. Thus, the temperature dependence of the liquid state
>30-at. % B. However, the interpretation of susceptibility susceptibility can be more accurately determined and these

data in terms of Eq<(7) and(8) leads to contradictory con- dat@ will now be discussed.
clusions concerning the shape of the DOS in amorphous
Ni-B alloys. By considering Fig. 4 as representing the shape
of the DOS curve in Ni-metalloid alloys, we can fairly safely
state that there is no peak in the DOS curve for Ni-B amor- We have previously reportétl that for liquid
phous alloys in the composition range investigated in RefNig; B8,P;55  alloys there is a correlation between the mag-

C. Temperature coefficient of the magnetic susceptibility
in liquid Ni-metalloid alloys
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1.2 The change ol «, in Fig. 5 closely resembles the results of
T x X calculations based on E) (see Fig. 2 in Ref. 53
L ] In order to estimate the importance of the volume expan-
08 4 sion term QayT) in Eq. (9), we can make the following
] 0 o x considerations. For pure fcc-Ni, the thermal-expansion coef-
& 0.6 1 o o ficient is ay,=40x 10~ %/K (Ref. 56, and very similar values
F . oK . were reported for various Ni-metalloid glasses and crystal-
041 . x X N line compounds: ay(c-NizB)=41x10"°/K (Ref. 57,
02 4 . Bl * Ni-P-B ay(a-Ni;sPs) =42x 10 ¢/K  (the latter value remained
] . 4 Ni-B-Si | practically unchanged upon crystallizatigh and
0 o ¢ liquid Ni-metalloid alloys ay(a-Ni-B-Si) = (34-39% 10_6/K) (Ref. 59. As a typical
1 (T = 1400 K) value for Ni-metalloid alloys, we may takex,=40
02 — T T T X 10" %/K. The value ofn can vary betweer§ and 2, and
0.4 0.6 0.8 1.0 1.2 1.4 16

since the data in Fig. 5 refer td=1400 K, we obtain
na,T=0.037 and 0.093, respectively, for the two limiting
FIG. 5. Variation of the quantitf «, , wherea, is the tempera-  values ofn.
ture coefficient of the conduction-electron susceptibility with mag- ~ According to Fig. 5, the experimental valuesTat, span
netic valenceZ, for Ni-metalloid alloys. The data are from Table Il from about—0.1 to+1.1 for the various Ni-metalloid alloys.
(Ni-B, Ni-P-B, and Ni-B-S) and from Refs. 14Ni-P, Ni-P-B), 51 ~ As estimated above, the thermal expansion contribution
(Ni-P), and 52(Ni-P). (nayT) is fairly small in comparison with the experimental
values of T, (and remains nearly the same for all allpys
nitude of the conduction electron magnetic susceptibility andlherefore, the dominant contribution to the temperature co-
the slope of its linear temperature-dependent variatiorefficient of the conduction electron susceptibility in liquid
(dx1.cong/dT). It is found thatdy, cong/dT decreases with Ni-metalloid alloys arises from the variation bi(Eg) with
increasingy; cong@nd it becomes even negative for the high-temperature via the explicit temperature dependence of the
estx congValues. The correlation could be explaifitdased ~ Fermi function.
on the electronic DOS of Ni-metalloid alloys as derived from

magnetic valence, -Z,

Iow-tempgrature specific-heat measuremém Fi_g. 4, _ V. CONCLUSIONS
According to Ref. 53, the temperature derivativexgfis
determined by taking into accoufi) the explicit T depen- The compositional evolution of the magnetic properties

dence of the Fermi function and) the volume /) depen- was established in the Ni-B system for different structural
dence ofN(Eg) and its variation through thermal expansion. states. After removing the magnetization contribution of Ni-
For the latter contribution, it can be assumed tN&Eg) is  rich chemical inhomogeneities, the matrix of all amorphous
proportional toV" [for free electronsn=% (Ref. 54, for  alloys investigated18.5-at. %<B=<40-at. %9 was found to
transition-metatl bandsn~ 3 (Ref. 59]. In this manner, we exhibit Pauli paramagnetism. The liquid state susceptibility
can write data when extrapolated to room temperature and the suscep-
tibility of the crystalline Ni-B stoichiometric compounds
were in good agreement with the corresponding amorphous
alloy data.

By using N(Eg) data deduced from previous low-
where ay, stands for the thermal volume expansion coeffi-temperature specific-heat experiments, the Stoner-enhanced
cient. It can be easily showhthat the temperature coeffi- Pauli susceptibility of Ni-B alloys was calculated, which
cient of the Pauli susceptibility is enhanced by the Stoneghowed a reasonable agreement with the experimental con-
factor. duction electron susceptibility. This means that the Pauli sus-

In Ref. 53, the analysis of the correlation betweenceptibility of Ni-B alloys could be successfully accounted for
dxi cond/dT and x; cong Was based on a model DOS curve in terms of the known electronic DOS data of this system.
representing the variation d& and N(Eg) with alloying. Concerning previous controversial results on the tempera-
According to Fig. 4, the change of the magnetic valence carture dependence of the matrix susceptibility of the amor-
be considered as corresponding to the shift of the Fermi erphous Ni-B alloys, it was established that fitting the reported
ergy when the alloy composition is changedlow value of  temperature dependence gf to a T? function cannot be
—Z,, corresponds to lowEg, and vice versa Since valid since this procedure leads to conclusions in contradic-
dInx/dInT=(T/x)dx/dT=Ta, where a,=(1/x)dx/dT is  tion with the known electronic DOS curve for these alloys.
the temperature coefficient of the magnetic susceptibility, itThe temperature dependence, if any, is very weak, at most a
might be more useful for a more direct comparison of ).  small linear increase can be traced out as demonstrated for an
with experiments if we plot the quantifija, as a function of  a-Ni,sB,5 alloy here. In most cases, a temperature depen-
the magnetic valence. By using data for all Ni-metalloid al-dence, if any, is masked by the contribution of magnetic
loys from the present workTable Il) and from all previous inhomogeneities.
studies, Fig. 5 shows thdlx, increases nearly linearly with On the other hand, in the liquid state a very clear linear
the variation of the magnetic valen¢er the Fermi energy  temperature dependence of the conduction electron suscepti-

dinyp/dInT=nayT+dIn xp/dInT, (9)
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bility can be observed for Ni-metalloid alloy systems, includ-temperature dependence of the Fermi function.

ing Ni-B. A monotonic, nearly linear increase of the tempera- The critical concentration for the PM-FM transition in the
ture coefficient of the conduction electron susceptibility withNi-B system could be estimated to be beyond 81.5-at. % Ni
the magnetic valence was established in these liquid alloysrom the present study. Relying on the experimeiNéE)

By taking into account the variation ®(Eg) as a function data, this finding is also supported by estimates of the Stoner
of the magnetic valence for the same Ni-metalloid alloys, theenhancement factor. Namely, for tleeNig; 8155 alloy S
observed change of the temperature coefficient of the suscepeuld be estimated to be only half of the value for paramag-
tibility could be explained as arising mainly from the explicit netic Pd metal.
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