
PHYSICAL REVIEW B VOLUME 47, NUMBER 22 1 JUNE 1993-II

Magnetic properties of electrodeposited, melt-quenched, and liquid Ni-P alloys

I. Bakonyi
Research Institute for Solid State Physics of the Hungarian Academy ofSciences,

H-1525 Budapest, P.O. Box 49, Hungary

A. Burgstaller, W. Socher, and J. Voitlander
Institut fiir Physikalische Chemic, Uniuersitat Miinchen,

Sophienstrasse 11, D 8000 M-ii nchen 2, Federal Republic of Germany

E. Toth-Kadar and A. Lovas
Research Institute for Solid State Physics of the Hungarian Academy ofSciences,

H-1525 Budapest, P.O. Box 49, Hungary

H. Ebert
Siemens AG, Research Laboratories, ZFE BTMR 11,

Paul Gossen S-trasse 1-00, D 8520 Er-langen, Federal Republic of Germany

E. Wachtel and N. Willmann
Max-Planck-Institut fu'r Metallforschung, Institut fiir Werkstojj"wissenschaft,

Seestrasse 92, D 7000 Stut-tgart 1, Federal Republic of Germany

H. H. Liebermann
Allied-Signal Corporation, Metglas Products Department, Parsippany, Net Jersey 07054

(Received 9 September 1992; revised manuscript received 17 February 1993)

A comprehensive study of the magnetic properties of Ni, « „P„alloys prepared by electrodeposition
with 11.5 x 23.2 and by melt quenching with 16.3(x 21.0 was performed for temperatures
4.2(T 300 K in magnetic fields up to H=9 kOe and, for most of the melt-quenched alloys, for
T 300 K including the molten state as well. The individual contributions to the magnetization were
identified and determined separately. The matrix of Ni-P alloys was found to exhibit Pauli paramagne-
tism for x ~ 17 and very weak itinerant ferromagnetism for x ( 14. However, magnetic inhomogeneities
in the form of ferromagnetic precipitates, giant-moment paramagnetic clusters and/or superparamagnet-
ic particles could be identified throughout the whole concentration range studied and their amount and
character varied significantly with alloy composition and preparation technique. In the paramagnetic
phase, the temperature-independent Pauli susceptibility was not sensitive to the way of preparation, it
agreed well with extrapolated room-temperature liquid-state data, decreased approximately linearly with
increasing P content and extrapolated to the corresponding value of the crystalline stoichiometric com-
pound Ni3P. In the ferromagnetic phase, the magnetization data of the matrix could be reasonably well
accounted for in terms of the Stoner-Edwards-Wohlfarth model and the theory of Mathon, yielding 85.7
at. % Ni as the critical concentration for the onset of spontaneous magnetic order. For alloys in the in-
termediate composition range (14 x ~ 17), the observed magnetization was dominated by the contribu-
tion of superparamagnetic particles.

I. INTRODUCTION

It was revealed by early magnetization studies of Ni-P
alloys that, similarly to other sp elements, ' phosphorus
reduces strongly both the spontaneous magnetization and
the Curie temperature of Ni, and the crystalline Ni3P
compound exhibits Pauli paramagnetism. It turned out
from subsequent investigations that the transition
from the ferromagnetic (FM) to the paramagnetic (PM)
phase occurs in the vicinity of 15 at. % P and it has an in-
homogeneous character as it is typical for Ni-based al-
loys. ' An understanding of the nature of this FM-PM
transition is further complicated by the fact that in Ni-P

alloys also the atomic structure changes with increasing
P content from a fcc-like Ni(P) solid solution to an amor-
phous Ni-P alloy phase. This structural change upon al-
loying occurs in the composition range from 10 to 15

p 11,12

Previous magnetization measurements"' ' on
Ni, oo P alloys with 10(x ~25 suggest that two re-
gimes of magnetic behavior exist. Above a critical con-
centration x, which is in the middle of the composition
range studied the magnetization isotherms are linear in
sufficiently high magnetic fields and for not too low tem-
peratures. In this concentration range, the alloys have a
completely amorphous structure and possess no bulk
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magnetic order. The magnetic behavior in this paramag-
netic regime can be best described by the picture pro-
posed by Amamou and Durand' for amorphous Ni-P-B
alloys: the magnetization can be separated into (i) a small
ferromagnetic term attributable to crystalline Ni or
Ni(P, B) precipitates and (ii) a paramagnetic contribution
of the amorphous matrix. The PM contribution can be
further subdivided into two contributions. ' The first
term can be described by a Curie-Weiss- (CW) type sus-
ceptibility due to giant-moment PM clusters consisting of
Ni-rich segregations with a magnetic moment typically
5p~ to 10p~. The second term is a practically
temperature-independent susceptibility g„due to non-
magnetic atoms in the amorphous matrix which is dom-
inated by the Pauli paramagnetism of conduction elec-
trons.

The magnetic behavior below x, is characterized by
the occurrence of strongly nonlinear magnetic isotherms
at most temperatures which become linear at very high
magnetic fields (H~25 kOe) only. The magnetization
data of Ni&pp „P alloys for x &x, have usually been ana-
lyzed ' with the help of Arrott plots in terms of weak
itinerant ferromagnetism (WIF). The same approach has
been applied for an amorphous Nis, 6B,8 4 alloy' exhibit-
ing similar magnetic behavior. However, since magneti-
zation, ' ' nuclear magnetic resonance, ' and small-
angle X-ray scattering studies of amorphous Ni-P and
Ni-B alloys have already indicated the presence of super-
paramagnetic particles in these systems around the PM-
FM transition, it seems to be necessary to analyze the
magnetization data by considering a superparamagnetic
contribution as well.

In the present paper, a detailed magnetization study of
Ni, oo „P alloys prepared by electrodeposition (ED)
with 11 Sx & 23 and melt quenching (MQ) with
17 & x ~ 21 will be described and liquid-state susceptibili-
ty data for 17 ~ x ~ 21.0 will also be reported. The aim of
our work was (i) to get Pauli susceptibility data for ED
and liquid Ni-P alloys which have not yet been available
as well as to get more data for the MQ alloys and to com-
pare results for the amorphous (ED and MQ alloys) and
liquid states; (ii) to identify the critical concentration x,
separating the two magnetic regimes on properly charac-
terized, homogeneous Ni-P alloys and to see if x, depends
on the preparation technique; and (iii) to establish the na-
ture of the m.agnetic behavior for x &x, as to whether it
can be ascribed to a WIF matrix or to superparamagnetic
particles.

It was found that, irrespectively of the way of prepara-
tion, a homogeneous Ni&pp P„matrix with x ~17 ex-
hibits Pauli paramagnetism characterized by a practically
temperature-independent susceptibility whereas for
11.5&x ~14, it shows very weak itinerant ferromagne-
tism which could be described by the customary band
model. However, magnetic inhomogeneities were shown
to exist throughout the whole concentration range stud-
ied and their amount and character changed progressive-
ly with composition and depended significantly on the
preparation technique. On the other hand, it was found
that in the PM amorphous phase, the conduction elec-
tron susceptibility did not show any dependence on the

preparation technique and agreed well even with the
liquid-state data if these latter were extrapolated to room
temperature.

The paper is organized as follows. Section II gives the
details of the sample preparation and the magnetic mea-
surements. The temperature dependence of magnetic
properties and their analysis is presented in Sec. III. In
Sec. IV the concentration dependence of the magnetic pa-
rameters and the characteristics of the magnetic inhomo-
geneities are discussed. Section V contains a summary of
the conclusions derived from the present study.

II. EXPERIMENTAL DETAILS

A. Preparation and characterization
of electrodeposited alloys

The ED Ni-P alloys were prepared in Budapest by an
ED process described elsewhere' onto copper foil sub-
strates in the form of 70-mm-diam disks with thicknesses
ranging from 2 to 100 pm. The copper substrates were
then chemically dissolved from the Ni-P deposits. An
Auger analysis showed' that these ED Ni-P alloys were
not contaminated by impurities.

The lateral composition homogeneity was tested on a
scale of about 1 mm by measuring the thermoelectric
power (TEP) since the TEP depends sensitively on the
composition of Ni-P alloys and is not sensitive to the
preparation technique. ' ' Based on these investiga-
tions, it was found that a central circular part with a ra-
dius of about 10 mm had a composition inhomogeneity of
at most some tenths of at. % P and this part of the disks
was used for the magnetic measurements.

Three series of ED Ni]pp „P alloys were produced
and alloy composition was varied from 11.5 to 23.2 at. %%uo

P by changing the H3PO3 content (between 25 and 40 g/1)
of a Brenner-type bath' and the deposition current den-
sity (between 10 and 50 A/dm ). The actual P contents
used for the ED Ni-P alloys are those obtained at the disk
centers from the TEP versus composition relation' '
which was previously determined by spectrophotometric
measurements. The magnetic properties have been stud-
ied for 15 different ED Ni-P alloy samples and our previ-
ous results on two further ED alloys (x = 19 and 22) will
also be included.

An x-ray diffraction investigation of the ED alloys
showed a single first peak the width of which increased
continuously with increasing P content. In agreement
with previous studies, "' the peak width increased only
slightly for small and high P contents and rather rapidly
at intermediate compositions. In our case, the rapid in-
crease (by a factor of 2 to 3) of the width of the first
diffraction peak occurred in the composition range
12~x ~ 15. The increase of the peak width with P con-
tent corresponds to a decrease of the effective crystallite
size" ' ' and for x ~ 15, ED Nilpp „P„alloys can be
considered as fully amorphous. Whereas for low P con-
tents (x 6 10) these alloys are fully crystalline, "' for in-
termediate compositions they consist of a mixture of an
amorphous and a crystalline phase and the ratio of these
phases changes continuously with P content. '



47 MAGNETIC PROPERTIES OF ELECTRODEPOSITED, MELT-. . . 14 963

B. Preparation and characterization
of melt-quenched alloys

A melt-spinning process was used to prepare MQ
Ni ]oo P alloys with 16.3 ~ x ~ 2 1 .0 either at Allied-
Signal or in Budapest in the form of 1- to 2-mm-wide and
10- to 20-pm-thick ribbons. Most of them were analyzed
for composition by several techniques' and the composi-
tions used here are those derived from their TEP data. '

According to x-ray diffraction studies, all these MQ Ni-P
alloys were fully amorphous, except the alloy with
x =16.3 which contained a considerable amount of crys-
talline precipitates manifested also in the temperature
coefficient of electrical resistivity' and in the magnetic
properties (see Sec. III A).

The magnetic properties have been studied for ten
different MQ Ni-P alloy samples and our previous results
on two further MQ Ni-P alloys (with x =20.2 from Ref.
7 and with x =20.9 from Ref. 20) will also be included.
[The latter alloy (x =20.9) is identical with the binary
amorphous Ni-P ribbon of the MQ Ni-B-P alloy series;
however, based on our recent experience with P-content
analysis, ' the value x =20.9 seems to be more reliable
for this alloy, supported also by the liquid-state suscepti-
bility data in this composition range. ]

C. Measurement of magnetic properties

A Faraday-type magnetic balance was used to study
the magnetic properties from room temperature down to
the liquid-helium range for the ED alloys and for the MQ
alloys prepared in Budapest, by measuring the magneti-
zation isotherms at several temperatures in magnetic
fields from H = 1 to 9 kOe in steps of 1 kOe.

For most of the MQ alloys, the magnetic properties
were also measured by another Faraday balance from
room temperature up into the molten state. First, the
magnetization isotherms were measured at room temper-
ature from H =6 to 17 kOe and then the magnetic sus-
ceptibility y~ was recorded continuously at H = 17 kOe
from T=300 to 1500 K at a heating rate of 5 K/min.
The general shape of the yH vs T curves was very similar
to those reported recently for a Ni-B-P alloy series.
Around 600 K, a large susceptibility peak was observed
due to the precipitation of ferromagnetic nickel during
the amorphous-to-crystalline transition. ' The magnetic
susceptibility was measured also in the liquid state at
H =17 koe with 5 K/min upon heating up to 1500 K
and upon cooling down into the undercooled liquid state
and into the solidified state.

The susceptibility yo(T) can be written for the whole
temperature range as

yo( T)=y„+Ccw I( T +0), (2)

where y„ is a temperature-independent susceptibility
and the second term is a Curie-Weiss-type susceptibility
with the constant Ccw and characteristic temperature O.

In agreement with the conclusions of Amamou and
Durand, ' we also attribute the FM magnetization com-
ponent to crystalline Ni or Ni(P) precipitates. The CW
term can be ascribed to the presence of giant-moment
paramagnetic clusters consisting of Ni-rich amorphous
regions embedded in the amorphous matrix. The
temperature-independent susceptibility g„can be asso-
ciated with the contribution of nonmagnetic atoms of the
amorphous phase and, after correcting for the ion-core
diamagnetic susceptibility (yd';,"), it is mainly due to the
Pauli paramagnetism of electrons in conduction bands.
The conduction electron susceptibility g„„d is obtained as

core
+cond +nm +dia

Melt-quenched Xi-P alloys. Of this series, the
Ni&oo P alloys with x = 17.3, 19.8, 20.2, 20.9, and 2 1 .0
were investigated at low temperatures. The magnetiza-
tion isotherms and the temperature dependence of go( T)
are shown for x =21.0 in Fig. 1, demonstrating that the
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small ferromagnetic contribution, o, (T), being saturated
for magnetic fields H ~ H, (according to our experience
H, varied typically from 2 to 4 kOe) and into a linear
term characterized by the temperature-dependent initial
susceptibility yo(T). In this manner, for magnetic fields
H ~ H, the magnetization can be described as

a(H, T)=o, (T)+go(T)H .

III. RESULTS AND DATA ANALYSIS:
FIELD AND TEMPERATURE DEPENDENCE

OF MAGNETIC PROPERTIES

A. Paramagnetic concentration range (x )x, )

1. Magnetic properties for T~ 300 X

As described above, at sufficiently high P contents, the
Ni-P alloys are fully amorphous and, at a given tempera-
ture, their magnetization (o ) can be separated into a

0 50 150 250 7 (K)
FIG. 1. Low-temperature magnetization isotherms (a) and

temperature dependence of the matrix susceptibility go (b) for a
MQ Ni, oo „P amorphous alloy with x =21.0. The solid lines
through the data points represent the fits to Eq. (1) in (a) and to
Eq. (2) in (b). The dashed line in (b) corresponds to the
temperature-independent susceptibility y„ in Eq. (2).
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FIG. 2. Low-temperature magnetization isotherms of ED
Ni&oo „P amorphous alloys with x =18.7 (a) and x =18.5 (b).
The straight lines correspond to the fits according to Eq. (1).

experimental data can be well described for H ~ 4 kOe by
Eqs. (1) and (2). It can also be seen that o, (T) is very
small (at T =300 K, it corresponds to about 80 wt ppm
crystalline Ni) and shows only a slight variation over the
temperature range investigated, indicating a Curie point
well above 300 K. Qualitatively, the same behavior was
observed for the other alloys as well: linear magnetiza-
tion isotherms for at least 4 kOe + H ~ 9 kOe and good
CW-type temperature dependence of yo(T) with the as-
sumption of a temperature-independent g„. The magni-
tude of o, (4.2 K) remained below about 10X 10
emu/g, Ccw varied typically from 5 to 22 in 10
Kemu/g units, and 0 ranged from 0 to +2.5 K. The
susceptibility y„was below 2X 10 emu/g for each
composition and decreased with increasing P content.
The qualitative features obtained here are in good agree-
ment with the results of Hines et al. on MQ amorphous
alloys with nominal compositions 18 ~ x ~ 22.

Electrodeposited alloys. The low-temperature magneti-
zation study of ED alloys with x =18.5, 18.7, 19.3, 21.4,
22.3, 23.0, and 23.2 showed that for x & 18.7 the magneti-
zation isotherms were linear for at least H ~ 4 kOe in the
temperature range investigated and, similarly to the MQ
alloys, they could be well fitted by Eqs. (1) and (2). Also,
the susceptibility y„decreased systematically with in-
creasing P content. For all of the ED alloys with
x ~18.7, the saturation magnetization of the FM com-
ponent was found to be again small and weakly tempera-
ture dependent [the value of o., (4.2 K) remained below
about 10X10 emu/g except for x =18.7 where it was
about 30X10 emu/g]. The values of Ccw and 0 re-
duced to practically zero in our ED alloys with the
highest P contents but both parameters started to in-
crease more rapidly below x = 19. This fact and the large
increase of o, (T) at low temperatures already indicate

that a diferent magnetic behavior sets in below about
x =19 in the ED alloys. This is further substantiated by
the data for the ED alloy with x =18.5: although the
magnetization isotherms could still be reasonably well
fitted to Eqs. (1) and (2), the magnitude and temperature
dependence of 0.,(T) and the value of Ccw were much
larger than for x =18.7. The magnetization isotherms of
these two alloys shown in Fig. 2 demonstrate the rapid
increase of the magnetization of ED Ni-P alloys below 19
at. % P. Due to the dominance of the contribution of the
magnetic inhomogeneities to the total magnetization, no
reliable value of y„could be deduced for x =18.5. This
alloy represents already an intermediate state between the
paramagnetic ED alloys (x ~ 19) and those to be de-
scribed in Sec. III 8 for x ~ 17.

2. Magnetic properties for T ~ 300 K

The high-temperature magnetic susceptibility studies
were performed for MQ alloys with x =16.3, 16.5, 17.3,
18.4, 19.1, 19.8, 20.5, 20.6, 20.9, and 21.0.

As quench-ed amorphous state (300 K~ T ~ 550 K).
Honda-Owen plots were used to evaluate the room-
temperature magnetization isotherm s and these plots
were straight lines for all the MQ Ni-P alloys. The
room-temperature susceptibilities derived here agreed
we11 with corresponding data of the low-temperature
study and the same holds true also for o., (300 K) in most
cases. Comparable values of both yo (300 K) and o, (300
K) were obtained also for most of the alloys which were
not measured below room temperature. Figure 3 shows
the results of the high-temperature magnetic susceptibili-
ty analysis for a MQ Ni, oo, P„alloy with x =21.0 (same
sample as in Fig. 1). From the minimum value of yH be-
tween 300 K and the Ni-precipitation peak, an estimate
was made for the temperature-independent susceptibility

by correcting for the contribution of the
temperature-dependent cr, (T) to yH(T). Where it was
possible, an approximate value or at least an upper limit
was estimated for Ccw from the gH(T) data for
300 ~ T ~ 550 K and similar values were obtained as from
the low-temperature studies on corresponding composi-
tions. The quantity g„derived from measurements
above room temperature was in good agreement in most
cases with the low-temperature data.

Liquid state (1100K( T (1500K). The inset in Fig. 3
demonstrates that above the melting point indicated by
the susceptibility drop (above about 1100 K), gH varies
nicely linearly with temperature as observed for the pre-
viously studied Ni-B-P system as well. The same
behavior was obtained for the liquid state of all the other
MQ alloys. Since the melting point of these Ni-P alloys is
almost twice as high as the Curie point of crystalline Ni
(631 K), we may consider that the measured susceptibili-
ty, g~, in the liquid state does not contain contributions
from ferromagnetic precipitates and Curie-Weiss type
clusters. Therefore the liquid-state susceptibility yI —=g~
corresponds to the quantity g„of the amorphous state.
The slope dg&/dT of the susceptibility in the liquid state
was found to be positive with values ranging from about
+0.020 to about +0.038 in units of 10 emu/(molK).
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FIG. 3. Magnetic susceptibility gH measured at H =17 kOe
for the MQ Ni, oo „P„amorphous alloy with x =21.0 (same al-
loy as in Fig. 1) as a function of temperature from T=300 to
1500 K. The large peak corresponds to the precipitation of Ni
during crystallization and the inset shows the susceptibility in
the liquid state on an enlarged scale.

temperatures, a characteristic change of the magnetiza-
tion isotherms can be observed with decreasing x: at
higher P contents the low-temperature isotherms become
first nonlinear practically for the whole range of magnetic
fields and with strongly increased apparent o, ( T) satura-
tion values [Fig. 4(a), x =17.0]. At the lowest P con-
tents, the isotherms around the liquid-He temperature be-
come more linear with large apparent saturation magneti-
zation values whereas the isotherms at intermediate tem-
peratures tend to show even less linearity, as for high P
contents [Fig. 4(b), x =13.2]. The observed rapid in-
crease of the magnetization for x (x, is in good qualita-
tive agreement with the results of previous stud-
ies 2/4 —678723

2. Data analysis: The Stoner-Edwards- Wohlfarth model
of very weak itinerant ferromagnetism

A comparison of the g„values of the amorphous and
liquid states as a function of composition will be present-
ed in Sec. IV B.

B. Magnetic properties of ED Ni-P alloys for x (x,

The magnetization isotherms of ED Ni-P alloys for
concentrations x (x, will first be analyzed on the basis of
the theory developed, within the framework of the
itinerant electron model of Stoner, for describing the
magnetic behavior of homogeneous very weak itinerent
ferromagnets.

It is customary to introduce the relative magnetization

1. Magnetization isotherms
g= g(H, T)=a (H, T)/(nN ps ) . (4)
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FIG. 4. Low-temperature magnetization isotherms of the ED
Ni&00 P„alloys with x = 17.0 (a) and x = 13.2 (b).

Here we shall describe the results of low-temperature
magnetic studies for ED alloys with x ~ 17. These inves-
tigations were performed on ED samples with x =11.5,
12.2, 13.2, 13.6, 13.9, 15.5, 17.0, and 17.2. As already in-
dicated in Sec. III A 1, there is an increase of the magne-
tization and a change in the magnetic behavior of ED
Ni-P alloys when decreasing the P content down to below
19 at. %. The magnetization isotherms at and somewhat
below room temperature remain linear for H~4 kOe,
with small values of o, (T), for all compositions down to
x =11.5. On the other hand, for intermediate and low

Here, o(H, T) is. the magnetization arising from single-
particle excitations, n the number of particles per atom,
Ng the number of atoms per gram, and p~ the Bohr mag-
neton. The value of g at 0 K, go=/(0, 0), can be used to
distinguish between different kinds of ferromagnets. If
the Fermi level lies above the top of the spin-up band and
intersects the spin-down band only (e.g. , for fcc Ni met-
al), the magnetization is determined by the number of
particles per atom (holes in the minority-spin band) and,
therefore, we have go=1: this case is called strong
itinerant ferromagnetism (SIF). If the Fermi level inter-
sects both the spin-up and spin-down subbands (e.g., for
bcc Fe metal), the magnetization equals the difference be-
tween the holes in the two subbands which leads to go & 1:
this is the case of weak itinerant ferromagnetism.

Very weak itinerant ferromagnetism (VWIF) is ob-
tained when go« 1, which corresponds to the case when
the Fermi level intersects both spin subbands but the ex-
change splitting of the subbands is very small. It has
been shown for VWIF's (Ref. 24) that their magnetiza-
tion can be described by the expression

[o (H, T)] = [o.(0,0)] [ 1 —
( T/T, )

+2y(0, 0)H/o (H, T)]

in the temperature range T «T~ where TF is the
effective degeneracy temperature which depends on the
electronic density of states N(EF ) at the Fermi level and
on its derivatives at EF, T, is the Curie temperature and
g(0, 0)=[do(H, T)/BH]H=o T=o is the difFerential sus-
ceptibility at T=O K and H=O (it also holds that
T, ((TF ). Edwards and Wohlfarth "have calculated the
magnetization versus field isotherms for 0~ T~2T, in
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the form of s =o(H, T)/cr(0, 0) vs h =y(0, 0)H/cr(0, 0)
plots up to h =12. According to these curves, the mag-
netization isotherms are strongly nonlinear and do not
saturate even at very high magnetic fields. Such a
behavior could indeed be successfully demonstrated for
the typical VWIF ZrZn2.

Equation (5) also implies that plots of o vs H/o at
various temperatures for T « TF should yield a series of
parallel straight lines and for their intersections on the o.

axis (i.e., H =0), we have the relation

[o.(0, T)] = [o (0,0)] [1—(T/T, )] .

100--

I—r 20-

0

ED Ni885p&15

(a)

170.9K

I

kOe
H/a(H, T) ,emu/g

ED Ni845 p155

It follows from Eq. (6) that the temperature for which
the straight line on the o. vs H/o. plot passes through
the origin yields the Curie point T, .

Expression (5) derived in the Stoner-Edwards-
Wohlfarth (SEW) model was already previously ob-
tained, based on the Landau theory of phase transitions,
for temperatures around T, and the o vs H/cr plots (so-
called Arrott plots) have often been successfully applied
for analyzing the behavior of materials with nonlinear
magnetization curves. For the case of VWIF's where the
magnetization is small and assumed to be spatially homo-
geneous, the Landau theory applies for the wider temper-
ature range 0 T &2T, and Mathon has obtained the
expression

2 ( T)+B ( T)cr (H, T) =H/u(H, T) .

It follows from Eq. (7) that I/B ( T) is the slope of the
straight lines in the Arrott plots (o vs H/cr ) whereas the
intercept of these lines with the H /o axis [i.e.,
o (0, T) =0] equals the parameter A (T) which is related
to the zero field di6'erential susceptibility,
y(0, T)= [c)cr(H, T)/dH]H o, via the formula 3 ( T)
= —[2X(O, T)] '.

For the present ED Ni-P alloys with x &x„ the cr vs
H/0 plots yielded straight lines for each composition for
not too low magnetic fields up to temperatures somewhat
above T, . However, characteristic deviations from
linearity occurred at low magnetic fields which can be as-
cribed to a certain degree of spatial heterogeneity of the
magnetization, ' ' ' arising either from demagnetizing
eFects or from spatial fluctuations of the alloy composi-
tion. Typical Arrott plots for temperatures in the vicini-
ty of T, are shown in Fig. 5 for x =11.5 and 15.5.

First, we have determined the intersections o. (0, T) ob-
tained by extrapolating the straight line portions of the
Arrott plots to the o axis (i.e., to H=0). The depen-
dence of o (0, T) on T is shown in Fig. 6 for most of the
ED alloys with x ~ 17. According to the SEW model [see
Eq. (6)], a straight line is expected to result in this way,
which is obviously not the case for any of the alloys in-
vestigated here. It should be noted that the same kind of
curvature can be observed also for the ED Ni-P amor-
phous alloys studied by Berrada et aI. ' as well as by
Pan and Turnbull. This clearly indicates that the ob-
served curvature in Fig. 6 is not a specific feature of our
alloys but seems to be common to the ED Ni-P system
even if the magnetic measurements are extended up to
M = 150 kOe as in the study of Berrada et al. ' '
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FIG. 5. Arrott plots (o. vs H/o. ) for the ED Ni alloys with
x =11.5 (a) and x =15.5 (b).

In spite of the deviation from the linearity, the data
points on the o (O, T) vs T plots (Fig. 6) can be well
averaged by a continuous curve joining smoothly the data
below and above T, . We have used these plots to deter-
mine the Curie temperature as the points where these
smooth curves crossed the T axis. For the determina-

I= 150-
CV

lD I

100-
I

50-

FIG. 6. Plots of o. (0, T) obtained by extrapolating the linear
portions of the Arrott plot to the o. axis (i.e., to H =0) as a
function of T for our ED Ni &00 „P„alloys with
11.5~x ~13.6. The inset shows the same plots for x =15.5
and 17.0. The plots for x =13.9 and 17.2 actually coincide with
those of the neighboring compositions and, therefore, they are
omitted for clarity. The lines are drawn as a guide for the eye
only.
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50 100 150 T (K)

FIG. 7. The same data as in Fig. 6 displayed as o.(0, T) vs T
plots for our ED Ni-P alloys. The lines are drawn as a guide for
the eye only, by taking into account the T, values as determined
in Fig. 6.

tion of the saturation magnetization at T =0 K, o(0,0),
we used the data points at the lowest temperature, i.e.,
cr(H =O, T=4.2—K)=—o(0,0) was assumed. This gives
definitely somewhat underestimated values of o(0,0) but
this deviation amounts up to a few percent only at most
(and the relative error is probably the same for each al-
loy) as shown by Fig. 7 where a (0, T) is plotted against T
for our ED alloys.

It should be noted that plots of o. (O, T) vs T yielded
straight lines for the alloys with 11.5~x ~13.9 in the
low-temperature range up to about 0.5T, ; upon further
approaching T„mostly an upward curvature occurred.

We have evaluated also the slopes and the intercepts
with the H/oaxis .of the straight lines of the Arrott
plots. Similarly to the case of o (O, T), the temperature
dependence of A (T) also did not follow the T law.
However, from the low-temperature data we extrapolated
A (T) for T~O to get A(0) from which g(0,0) could be
obtained. As to the slope, 1/8(T), of the Arrott plot
straight lines, it was found to be approximately tempera-
ture independent for the lowest temperatures but started
to decrease very strongly with increasing temperature
well below T, . By taking the value 1/B(0), we deter-
mined o (0,0) via the formula 1/B ( T)
=20 (0, T)g(0, T) by using the value of g(0,0) as obtained
above from A(0), and these o. (0,0) values were within a
few percent of those derived from the plots in Fig. 6.

We have, in this manner, a consistency in the data
evaluated from the Arrott plots and we should now look
for the possible origins of deviation from the quadratic
temperature dependence predicted by the SEW model
[Eq. (6)]. These deviations may originate from either of
or both of two sources.

(a) The experimental values of o(O, T) as determined
with the help of the straight lines of the Arrot plots con-
tain also contributions from a magnetic component the
behavior of which cannot be described by the SEW mod-
el. A way of separating out such a contribution from the
VWIF term has been discussed by Acker and Hugue-
nin. In the case of the ED Ni-P alloys, these magnetic
inhomogeneities behave as superparamagnetic particles

3. Data analysis: beyond the homogeneous SEW model

a. Appearance of superparamagnetic particles for x ~
17. As indicated by the data on ED alloys with x )x,
(Sec. III A 1), the Curie-Weiss-type contribution to the
observed magnetization starts to increase rapidly as the P
content decreases to below 19 at. %%uo . Thi scanb eascribed
to the increase of either the size or the concentration (or
both) of the giant-moment paramagnetic clusters. At
sufficiently low P contents, the size of the giant-moment
clusters can increase to the extent that they become fer-
romagnetic at low temperatures but the coupling between
spins within the clusters is still not strong enough to re-
tain a spontaneous magnetization at those temperatures
where bulk samples of the same chemical composition
would exhibit ordinary ferromagnetism. In such a case
we have to deal with superparamagnetic (SPM) particles.

Figure 8 demonstrates that for the samples with
x =17.2, 17.0, and 15.5, the magnetic behavior is dom-
inated by the contribution of SPM particles: above the
ordering temperature, the magnetization (o. ) data when
plotted against H/T fall on a universal curve which can
be approximately described by the formula for super-
paramagnetic particles:

r

cr(H, T)= cr, coth pH kT
pH

as will be described in Secs. III 8 3 a and III 8 3 b.
(b) Some of the basic assumptions of the SEW model

are not valid for the VWIF matrix of the sample.
(i) The SEW model takes into account individual

(single-particle) excitations only whereas subsequent
theoretical studies ' have demonstrated that collective
spin fluctuations may, under certain circumstances, also
play a significant role and experimental evidence for this
behavior has, indeed, been found for the amorphous
Y-Ni system. One main effect of collective spin Auctua-
tions is that, in contrast to Eq. (6), o (0, T) does not vary
with temperature as T . An analysis of the temperature
dependence of o (0, T) for the ED Ni-P alloys in terms of
this model will be given in Sec. III 8 3 c.

(ii) It has been shown that the SEW model describes
the magnetic behavior of itinerant ferromagnets only if
the magnetization is spatially homogeneous. Apart from
the inAuence of demagnetizing effects at low applied mag-
netic fields (H ~ H, ), another cause for the spatial hetero-
geneities of the magnetization may be the Auctuation of
the chemical composition, resulting in a local variation of
the spontaneous magnetization [too strong compositional
fluctuations may lead to the situation described in item
(a) above]. A theoretical study of the effect of composi-
tional Auctuations on the Arrott plots has been per-
formed by Wohlfarth and co-workers. ' ' A compar-
ison of the curvature of Arrott plots for our ED Ni-P al-
loys observed in the present study and in previous
works ' ' ' with those calculated theoretically ' would
suggest that the compositional fluctuations in the VWIF
phase of the ED Ni-P alloys may not, indeed, be very
large.
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FIG. 8. Measured magnetization o. against H!T for the ED
Ni&00 P alloys with x =15.5 (E,A), x =17.0, (o,~ ), and
x =17.2 ('7, ~). The magnetic field range was 1 kOe~H~9
kOe. The light and solid symbols correspond to data obtained
at temperatures T, & T&40 K and T(T„respectively. The
solid lines correspond to curves according to Eq. (8) with the
saturation magnetization o., of the assembly of SPM particles
and average magnetic moment p of a SPM particle as given in
the inset.

where o., =Np is the saturation magnetization per gram
of the assembly of SPM particles, p is the average mag-
netic moment of a particle, and X is the number of SPM
particles per gram. Obviously, the scatter of the data and
the quality of the fit would have been improved if we had
accounted for the temperature dependence of the satura-
tion magnetization. The systematic deviation between
experimental data and fitted curves at low values of H/T
can originate from the presence of a small amount of a
ferromagnetic contribution. At temperatures below T, as
derived from the Arrott plots, significant deviations from
SPM behavior occur, indicating that this T, value corre-
sponds approximately to the temperature below which
the SPM particles already exhibit the usual FM behavior.
A further refinement could have certainly been made by
introducing a distribution ' of the average particle mo-
ment p and accounting also for a paramagnetic matrix
contribution.

In spite of these apparent weaknesses of the fit to the
experimental data, we have evaluated the fitted parame-
ters according to Eq. (8) and the values of o., and p are
given in the inset in Fig. 8. For the alloy with x =15.5
for which N=6. 6X10' /g, we can thus derive, from
o., =X@, that an average particle consists of about 220
Ni atoms. By assuming that each Ni atom in the SPM
particles possesses a magnetic moment of 0.6pz as in
bulk fcc Ni, we obtain that only about 1.6% of the Ni
atoms is situated in SPM particles. This means that the
majority of the Ni atoms in the sample is still in a
paramagnetic matrix the magnetic behavior of which is
completely masked by the SPM particles. Although the
values of o., and p are somewhat smaller for x =17.0 and
17.2, these alloys show qualitatively the same behavior.

Below x =15.5, the magnetic behavior changes again.
For x =13.9, the o. vs H/T curves do not fall on each

other for temperatures around T, even if we correct for
the temperature dependence of 0., This change can be
attributed to the fact that the matrix for these concentra-
tions already exhibits ferromagnetism upon which the
SPM is still superimposed as discussed in the next sec-
tion.

b. Coexistence of VWIF and SPM. In a study of the
PM-FM transition of Ni-based alloys, Acker and Hugue-
nin analyzed in detail the magnetic behavior of a VWIF
matrix in which SPM particles are embedded. An impor-
tant feature of this analysis is that, when deriving the ex-
pressions for the Arrott plots, the external magnetic field
should be increased by an amount A,o., which can be con-
sidered as a molecular field characterized by the constant
A, due to the presence of SPM particles with large mag-
netic moments in the VWIF matrix. They have also
pointed out that, due to this interaction between the ma-
trix and the particles, the presence of the magnetic inho-
mogeneities is not necessarily to alter the straightness and
parallelism of the Arrott plots. They have shown, on the
other hand, that an analysis of the temperature depen-
dence of the derivative d o (H, T)jd T of the total mea-
sured magnetization in a constant high field H leads to
characteristics which allow us to easily identify and to
separate the inAuence of SPM particles in a VWIF ma-
trix.

We now apply this representation for our ED
Ni]oo P alloys with x ~ 15.5. The temperature depen-
dence of do (H; T) IdT obtained in our highest magnetic
field of H =9 kOe is shown in Fig. 9 for the ED
Ni88 5P» 5 alloy. The experimental data follow a curve
which has a peak around the T, value derived from the
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FIG. 9. Temperature derivative of the measured magnetiza-
tion d~(H, T)/dT for the ED Ni88 5P» 5 alloy at H =9 kOe (0:
experimental data; the solid line through the data serves as a
guide for the eye only). The curves labeled 1 and 2 refer to
do. (H, T)/dT vs T curves according to Eq. (9) of the SEW mod-
el for a homogeneous VWIF matrix having T, =164 K with
g(0, 0) ' =0.0066X 10 and 0.0132X 10 g/emu, respectively.
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Arrott plot and also has a shoulder around 20 K. A com-
parison of Fig. 9 with the experimental data and with the
simulated curves of Acker and Huguenin for Ni-Pt and
Ni-V alloys around the PM-FM transition clearly reveals
that also for our ED Ni88 5P» 5 alloy we have to deal
with the coexistence of VWIF and SPM.

For a homogeneous VWIF matrix, we have from Eq.
(5) that

do. (H, T) —To (H, T)
dT [ I —T /T, +3y(0, 0) H/o ( H T))T,

(9)

If we apply this expression for the Ni88 5P» 5 alloy with
values of y(0,0) and T, as derived from the Arrot plots,
we get the temperature dependence of der(H, T)/dT in
the homogeneous SEW model. This temperature deriva-
tive is also shown in Fig. 9 for two values of y(0,0). The
lower curve was obtained with the y(0,0) value from the
Arrott plot analysis. However, the y(0,0) values obtained
in this manner probably have a large error and they show
a significant scatter as a function of the P content (see
later in Sec. IV C). If we take a smoothed average for the
concentration dependence of y(0,0), we get a value half
that derived from experiment and in Fig. 9 the upper cal-
culated curve results. Nevertheless, the true value of
g(0,0) probably lies in between and whereas the experi-
mental peak around T, is reproduced by both calculated
curves, the low-temperature shoulder does not appear.
As the simulation of Acker and Huguenin has revealed,
this shoulder can be attributed to the presence of SPM
particles embedded in the homogeneous VWIF matrix
with which they interact magnetically.

Figure 10 shows the experimental der(H, T)jdT data
as a function of temperature for the alloys with x ~ 15.5.
With increasing P content x, the peak shifts towards
lower temperatures corresponding to the decrease of T,
(see Fig. 7). The low-temperature shoulder due to SPM
particles is clearly visible for x =11.5, 12.2, and 13.2 and
is around 20 K for each alloy. For x =13.9 (and also for

x = 13.6 not shown in Fig. 10), only a faint hump indi-
cates the position of T, and the do (H, T)jdT curve is
dominated by the contribution of the SPM particles
around 20 K. For x =15.5 which is also included in Fig.
10, T, already completely coincides with the low-
temperature peak due to SPM particles.

One may conclude from the above analysis that our
ED Ni-P alloys with x 15 exhibit a VWIF matrix in
which SPM particles are embedded. The entity of the
SPM particles possesses a saturation magnetic moment
o., of the order of about 1 emu/g at low temperatures.
This means that in this composition range, the saturation
magnetization o(0, T) derived from the Arrott plots is
probably higher by this amount than the saturation mag-
netization contribution of the VWIF matrix. It follows
from this that the strong upward curvature of the experi-
mental tr (O, T) vs T plots (Fig. 6) may be partly attri-
buted to the effect of SPM particles and, therefore, the
o.(0,0) values of the VWIF matrix are probably somewhat
overestimated and this fact may partly compensate for
the underestimates (Sec. IIIB2) due to the assumption
o(0,0)=o(H=0, T-=4.2 K). It also follows from the
analysis of Acker and Huguenin that if SPM particles
are present in a VWIF matrix then an Arrott plot evalua-
tion of the experimental data always yields higher values
of T, than the true value of the VWIF matrix without the
presence of SPM particles. It appears from their data for
some Ni-based alloys that the apparent T, can be higher
by as much as about 100 K than the true Curie tempera-
ture and for alloys which could be shown to have a Pauli
paramagnetic matrix after removing the contribution of
SPM particles, T, values as high as 40 K were obtained
in some cases from the Arrott plots.

c. In+uence of collectiue spin fluctuations. The temper-
ature dependence of the spontaneous magnetization in
the SEW model, involving single-particle excitations only
and applying the recently developed spin-Auctuation
theory can be conveniently described by writing '

cr (0, T) ~ ( T," T"), — (10)
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FIG. 10. Experimental do(II; T)/dT vs T data at 0=9 kOe
for ED Ni&00 P„alloys with x =11.5 (V), 12.2 (6), 13.2 (o ),
13.9 ( ), and 15.5 (01. The solid lines serve as a guide for the
eye only.

where gsEw= 2, gMD
= 1, and gMK

=—', and the subscripts
MD and MK refer to the results in the models of Murata
and Doniach and Moriya and Kawabata, respectively.

For the amorphous Ni-Y system prepared by sputter-
ing, Lienard and Rebouillat obtained that g decreased
continuously from 2 for 7 at. %%uo Y to 1 for16.7at. %Y
(the latter is practically the critical concentration for the
disappearance of ferromagnetism). This result indicates
that the collective spin fluctuations increase when the
magnetization decreases, i.e., the critical concentration of
the FM-PM transition is approached from the FM con-
centration range.

It can be seen in Fig. 11 that for our ED Ni-P alloys
around x = 11.5, Eq. (10) describes the temperature
dependence of the spontaneous magnetization with
g=1.185 whereas for x =12.2, q=1 is obtained al-
though the fit is significantly less good. However, for
x =13.9 the data cannot be described by Eq. (10). These
data imply that not too close to the FM-PM transition
the collective spin Auctuation theory can give a good
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FIG. 11. Temperature variation of the magnetization o(0, T)
on a reduced scale for the ED Ni&pp P alloys with x =11.5
(6), 12.2 (0), and 13.9 (o ). The straight lines drawn through
the data points for x = 11.5 and 12.2 indicate a fit according to
Eq. {10)with g as given on the lines; the data for x =13.9 do
not follow a straight line and, therefore, could not be fitted to
Eq. (10).

perature variation of the spontaneous magnetization and
this may be mixed at higher temperatures with the SPM
contribution.

We have performed the analysis based on Eq. (10) also
for the magnetization data reported by Berrada et al. ' '

and Pan and Turnbull on ED Ni-P alloys. It was ob-
tained again that for alloys not too close to the FM-PM
transition, Eq. (10) describes well the data with g= 1,
whereas in the vicinity of the FM-PM transition the same
kind of deviation from Eq. (10) occurs as shown for our
alloys in Fig. 9.

Recently, Tolkachev and Yurasov have achieved a
further refinement of the spin fluctuation theory. They
derived an expression according to which, over most of
the temperature range below T„ the decrease of cr (0, T)
is described by the sum of a T and a T term. This
mixed temperature dependence law was found to explain
properly the behavior of ZrZn2 and corresponds to the
same type of upward curvature below T, as obtained for
our ED Ni-P alloys (Fig. 6).
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FIG. 12. Conduction electron susceptibility g„„d vs P con-
tent x in paramagnetic Ni-P alloys (0: ED, amorphous; ~:
MQ, amorphous; ~~. MQ, amorphous, upper limit only; 6:
melt, T = 1400 K; Q: melt, extrapolated to T =300 K; 0: crys-
talline Ni, P). The MQ data for x =18, 19, 20, 21, and 22 la-
beled by ~ are from Ref. 22; for crystalline Ni3P, the value

given is from Ref. 44 where the matrix susceptibility was prop-
erly determined by separating the contribution of magnetic in-

homogeneities whereas previous studies of Ni, P (Refs. 3 and 45)
yielded much larger values probably due to the lack of such a
separation.

description of the temperature dependence of o.(O, T) of
the FM phase whereas in the immediate vicinity of the
critical concentration of the disappearance of fer-
romagnetism, which is about 14 to 14.5 at. % P for our
samples (see Sec. IV), the interplay between the contribu-
tions due to the SPM particles and the VWIF matrix (see
Sec. III B3b) masks this behavior. Furthermore, the
linearity of the o. (O, T) vs T plots up to about 0.5T, indi-
cates that for low temperatures, again, the collective spin
Auctuations give the dominant contribution to the tem-

IV. DISCUSSION:
DEPENDENCE OF MAGNETIC PROPERTIES

ON COMPOSITION
AND PREPARATION TECHNIQUE

A. Composition dependence
of the conduction electron susceptibility

in the Pauli paramagnetic phase (x & 17)

In Sec. IIIA, the conduction electron susceptibility

y„„d was deduced from the experimental data for ED
and MQ Ni&00 P amorphous alloys with x ~ 17 and for
the molten state of MQ alloys. For the amorphous al-
loys, a temperature dependence of g, „d could not be
traced out whereas a linear temperature dependence of
y„„z in the liquid state could be established (see Fig. 3)
and, in this manner, an extrapolated room-temperature
susceptibility could also be determined for the molten
state alloys.

Figure 12 summarizes the results of the susceptibility
measurements on paramagnetic Ni-P alloys together with
the data of Hines et al. on MQ samples. It can be es-
tablished that (i) y„„dhas practically the same value for a
given P content in both the ED and MQ alloys; (ii) the

y„„d values of the melt when extrapolated to room tem-
perature agree well with the data for the amorphous state
at the same composition; and (iii) the g„„d values de-
crease nearly linearly with increasing P content, extrapo-
late through the data for the crystalline Ni3P phase, and
go to 0 at about 27 at. % P.

Due to the almost completely filled d bands of
paramagnetic Ni-P alloys, '" the orbital susceptibility
contribution can be assumed very small. Therefore g„„d
can be identified with the Pauli paramagnetic susceptibili-
ty of the conduction electrons. Since this contribution is
determined by the electronic density of states at the Fer-
mi level, n (EF ), the experimental data in Fig. 12 also in-
dicate that n (EF) decreases significantly with increasing
P content. This feature is in good agreement with the
general behavior of the composition dependence of
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n (E~ ) in Ni-metalloid alloys as deduced from low-
temperature specific heat data and from theoretical
band-structure calculations.

B. Magnetic inhomogeneities at the PM-FM transition
and inhuence of preparation method

500--
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~ 4,2K- T- 300K
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The composition dependence of the parameters cr, (300
K), Ccw, and 8 characterizing the magnetic inhomo-
geneities is shown in Figs. 13, 14, and 15, respectively, for
both types of alloys.

According to Fig. 13, o, (300 K) remained fairly small
for the ED Ni, oo P, alloys above about 18.5 at. %%uo P
and did not show a systematic composition dependence.
For the MQ alloys, cr, (300 K) also remained small in the
middle of the composition range studied and showed
large values at compositions approaching both ends of
the glass-formation range which is centered approximate-
ly at the eutectic composition.

The formation of the giant-moment clusters exhibits a
somewhat di6'erent composition dependence for the two
preparation techniques. The Curie-Weiss constant C&w
(Fig. 14) is again fairly small for the ED alloys with
x ~ 20 but it starts to increase very rapidly when the P
content goes below about 19 at. %%uo . For th eM Qalloys,
Ccw shows an apparently similar composition depen-
dence as o., (300 K) did, but the upturns at the ends of the
composition range studied are much smaller and it might
probably be more appropriate to say that Cc~ remains
practically constant at fairly low values over the whole
concentration range. Figure 15 shows the composition
dependence of 0: it remains practically constant around
1 to 3 K for the MQ alloys and starts to increase rapidly
with decreasing P content around x = 19 for the ED al-
loys, similarly to Cc~. It should be noted that, for Cc~
and 0, there are two alloys which fall out of the general
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FIG. 14. Composition dependence of the Curie-Weiss con-
stant Cc~ characterizing the giant-moment paramagnetic clus-
ters in ED and MQ Ni-P alloys. The solid lines serve as a guide
for the eye only.

trend described above. However, since the MQ alloy
with x =20.2 was prepared from another batch and the
ED alloy with x =21.4 was produced under rather ex-
treme, unusual deposition conditions, we may still con-
sider that the data presented in Figs. 14 and 15 do show
the systematic behavior described above.

Figures 13—15 demonstrate that there are striking
difT'erences in the composition dependence of the oc-
currence of magnetic inhomogeneities for the ED and
MQ preparation process. In the ED technique, alloys are
produced in a random, atom-by-atom deposition process.
If the P content is sufFiciently high and strongly magnetic
atoms such as Fe or Co are not present, the formation of
large-sized ferromagnetic crystalline precipitates consist-
ing of several thousands of Ni atoms at least is highly im-
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FICx. 13. Composition dependence of the room-temperature
saturation magnetization o., (300 K) of ferromagnetic precipi-
tates in ED and MQ Ni-P alloys. The solid lines serve as a
guide for the eye only.

FICx. 15. Composition dependence of the characteristic tem-
perature 0 of the giant-moment paramagnetic clusters in ED
and MQ Ni-P alloys. The solid lines serve as a guide for the eye
only.
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probable since P atoms are also continuously being incor-
porated into the deposit. The lack of Ni precipitates for
x ~ 18.5 was, indeed, found (see Fig. 13). On the other
hand, the formation of giant-moment PM clusters cannot
be excluded in this process at any P content if we consid-
er the generally accepted picture of the structure of
transition-metal —metalloid type amorphous alloys. Ac-
cording to this, the basic building block in these glasses is
a capped trigonal prismatic arrangement of nine Ni
atoms around a central P atom (this structural model ex-
cludes first-neighbor P atoms). In a random deposition
process, it can frequently happen that a P atom is substi-
tuted by a Ni atom and, then, a cluster of at least ten Ni
atoms is immediately formed. This process is, of course,
gradually enhanced with decreasing P content, partly for
probability reasons and also due to the known clustering
tendency of Ni atoms when approaching the critical con-
centration for the onset of ferromagnetism. ' These
features can well explain the observed rise of both Cc~
and 0 as the P content decreases below about 19 at. %.

As for the MQ technique, glass formation in the Ni-P
system by this process is restricted to a relatively narrow
concentration range (about +2 at. % P) around the eutec-
tic composition at about 19 at. % P. In the MQ process,
the starting phase is the melt in which the chemical in-
teraction between the different species governs the chemi-
cal short-range order (SRO) as in the equilibrium crystal-
line phases. If the cooling rate during melt quenching is
sufficiently high to retain the liquid structure, chemical
(i.e., magnetic) inhomogeneities are not expected to
occur. Therefore, for Ni-P alloys which could be ob-
tained in an amorphous state by the MQ process, strong
giant-moment clusters are also not expected to occur in
high amounts as actually observed in Figs. 14 and 15.
However, in the case of an insufficient cooling rate, alloy
decomposition may take place which should lead, for P
contents below 25 at. %, to the appearance of the n phase
[crystalline Ni or Ni(P) solid solution precipitates] and to
the precipitation of one of the stable crystalline Ni-P
phases (probably Ni3P). The appearance of a larger
amount of Ni precipitates also shows up in the magnetic
data (Fig. 13) for alloy compositions close to the end of
the glass-formation range due to the strong increase of
the critical cooling rate. Furthermore, the amount of Ni
precipitates is significantly higher on the Ni-rich side
where the e-phase formation should be stronger.

It is noted finally that the same assumptions about the
types of magnetic inhomogeneities could be used to ex-
plain the differences in the crystallization behavior of ED
and MQ Ni-P alloys. '
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concentration of the magnetic constituents which are
called Mathon plots. ' Therefore, we present in Figs.
16, 17, and 18 these quantities, respectively, as a function
of the Ni content c for our ED Ni-P alloys together with
data from those previous studies where a similar Arrott
plot analysis was performed.

As far as our o (0,0) and T, data are concerned, their
variation with Ni content c is nicely linear in the FM
concentration range (Figs. 16 and 17) as expected accord-
ing to the theory of Mathon ' and both plots yield the
same value cp=85. 7 at. % Ni for the critical concentra-
tion for the onset of FM in Ni-P alloys and the values of
these parameters remain negligibly small for c &cp. Al-
though the values of 1/y(0, 0) show a large scatter as a
function of c, their variation with concentration for c ) ep
also follows, on the average, a Mathon plot and I/y(0, 0)
remains fairly small for c (co (Fig. 18).

Available data from the literature for T, also corre-
spond approximately to a Mathon plot (Fig. 17) although
with a larger scatter but with a slope parallel to the
Mathon plot of our alloys. However, these previous data
yield considerably lower values of cp than obtained for
our alloys and this large difference in cp cannot be attri-
buted to an uncertainty of the chemical composition
determination which can be about +1 at. %. On the oth-
er hand, the data in Fig. 17 can also be interpreted in
such a way that ¹iPalloys with a given composition
were found to have significantly difFerent T, values in
different studies. This can be perhaps better visualized in
Fig. 19 where T, is shown as a function of the P content.
Differences as high as over 100 K were obtained for T, at
a given P content. It was argued in Sec. III 8 3 b that the
Arrott plot T, can be apparently higher by as high as this
amount if strongly SPM particles are present in the

C. Composition dependence of magnetic properties
in the VWIF phase

) \ I Q~~~
78 82 86 90

c (at.% Ni)

It was shown in Sec. III B that the magnetization iso-
therms of our ED Ni)pp P alloys with x & 15 could be
reasonably well evaluated within the framework of the
SEW model of VWIF and the deviations from this theory
could also be accounted for. If the SEW model applies,
then the quantities o (0,0), T, , and 1/y(0, 0) as derived
from the Arrott plots should be a linear function of the

FICi. 16. Composition dependence of the square of the satu-
ration magnetization o. (0,0) —=o. (0,4.2 K) as derived from the
Arrott plots for ED Ni-P alloys around the PM-FM transition
(o: this work;: Refs. 5 and 31). The straight line corre-
sponds to a Mathon plot (Refs. 27 and 28) defining the critical
concentration c0-=85.7 at. % Ni for the onset of spontaneous
magnetic order in our ED Ni-P alloys.
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ED 200--

ED Ni100-x Px

3--

100--

~0 V 0

0 )t':
x (at. % P)

82 86 90
c (at.% Ni)

FIG. 17. Composition dependence of the square of the Curie
temperature T, as derived from the Arrott plots for ED Ni-P al-
loys around the PM-FM transition (0: this work;: Refs. 5

and 31; D: Ref. 4; V: our estimate from the data of Ref. 49).
The straight lines correspond to the Mathon plots (Refs. 27 and
28) defining the critical concentration co for the onset of spon-
taneous magnetic order.

homogeneous VWIF or Pauli paramagnetic matrix.
Since in previous studies fairly high T, values were found
(Fig. 19) for P contents where our alloys were definitely
Pauli paramagnetic, we may conclude that our Ni-P al-
loys contained a small amount of magnetic inhomo-
geneities throughout the whole concentration range stud-
ied and the higher T, values obtained in previous studies
can be attributed to a significant amount of SPM parti-
cles in those samples. This conclusion is supported by

ED Ni-P

FIG. 19. Composition dependence of the Curie temperature
T, as derived from the Arrott plots for ED Ni-P alloys around
the PM-FM transition (~: this work; E: Refs. 5 and 31; U:
Ref. 4; V: our estimate from the data of Ref. 49).

the saturation magnetization data (Fig. 16) as well since
the presence of SPM particles yields an increased value of
cr(0,0) when derived from the Arrott plot. Since our ED
Ni-P alloys also contained some amount of SPM parti-
cles, our o(0,0) and T, values represent to some extent
also an upper estimate only and, therefore, the true value
of co for the appearance of FM in a homogeneous matrix
may be even higher than 85.7 at. %%uoN i bu t th edeviation
must be fairly small.

There are also further data in the literature for the
composition dependence of the spontaneous magnetiza-
tion of Ni-P alloys, especially for lower P contents and
Fig. 20 summarizes these results where the saturation
magnetization o., (0) is plotted against the P content.
The quantity o, (0) was obtained here actually by apply-
ing Eq. (1) to the magnetic isotherms taken at T =4.2 K, —
i.e., extrapolating the high-field, linear portion of these
isotherms to H =0. The data of Albert et al. for
0(x (10 fall nicely on the continuation of the straight

~ --0.20

C)

- --0.15

~ --0.020
CO U)

E
Q)

—20--C) 0-x Px

--010 --0010

10.-

--0-05 --0.005

)

78 82 86 90
c (at.% Ni)

FIG. 18. Composition dependence of the inverse initial sus-
ceptibility 1/g(0, 0) as derived from the Arrott plots for ED
Ni-P alloys around the PM-FM transition (0: this work;
Refs. 5 and 31). The straight lines correspond to Mathon plots
(Refs. 27 and 28) defining the critical concentration for the on-
set of spontaneous magnetic order.

14
oo+O o

x (at. % P)

FIG. 20. Composition dependence of the low-temperature
saturation magnetization o.,(0)=o.,(H~O, T=-4.2 K) as deter-
mined according to Eq. (1) for ED Ni-P alloys around the PM-
FM transition la: this work;: Refs. 5 and 31; ~: Ref. 2; 0:
Ref. 6; 1: Ref. 8). The solid line corresponds to a continuation
of the average of the o.,(0) vs x data of Ref. 2 for compositions
x &10 (not shown in the figure) and goes through the o.,(0)
value of bulk fcc Ni at x =0.
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line drawn also as a lower envelope of the data points in-
cluding our measurements. This plot defines c =85 at. %
Ni as the critical concentration for the onset of FM. This
is somewhat smaller than that derived from the Arrott
plot data for our alloys (85.7 at. %%uoNi) . Sine e th edat a for
our ED Ni-P alloys can be reasonably well described by
the Arrott plot and the Mathon plot, it is believed that
the higher value of c is closer to the critical concentration
for the onset of FM in the Ni-P system.

V. SUMMARY

A detailed study of the temperature and field depen-
dence of the magnetization of electrodeposited, melt-
quenched, and liquid Ni&oo P alloys has been described
in the present paper. For the ED alloys, the composition
range studied (11&x&23) included both the transition
between the crystalline and the amorphous phases and
the PM-FM transition (the critical concentration being at
85.7 at. % Ni or 14.3 at. % P) whereas all the amorphous
MQ alloys investigated here (17&x &21) were found to
be paramagnetic. Although magnetization inhomo-
geneities in the form of ferromagnetic precipitates, giant-
moment paramagnetic clusters, or superparamagnetic
particles were found to exist throughout the whole con-
centration range for both ED and MQ alloys, their con-
tribution could be separated out in most cases. It could
be established that for x ~ 17, the homogeneous matrix of
amorphous Ni-P alloys exhibits Pauli paramagnetism
characterized by a practically temperature-independent
susceptibility whereas for 11 ~x ~ 15, i.e., in the compo-
sition range where the transition from the crystalline to
the amorphous state occurs, the matrix of Ni-P alloys ex-
hibits VWIF. For 15 ~x + 17, the observed magnetiza-
tion was dominated by the contribution of superparamag-
netic particles (it is suggested that the same situation may
have occurred in the previously studied chemically re-
duced Ni-P alloys that may well explain their "pecu-
liar magnetic behavior" and probably the same is valid
for the ED Ni-P alloys studied by Nelson, Toth, and
Judy whose data were not included in our discussion).

In the PM concentration range, the conduction elec-
tron susceptibility g„„d decreased approximately linearly
with increasing P content and extrapolated through the
value of the crystalline Ni3P compound. Furthermore,
y„„d was the same for ED and MQ alloys and, also, the
liquid-state susceptibility when extrapolated to 300 K
agreed well with y„„d of the amorphous state. These
facts indicate that the lack of long-range order does not
appreciably inAuence such macroscopic properties as the
Pauli susceptibility and the short-range order of the
amorphous phase prepared by either technique probably
does not differ significantly from that of the liquid and
crystalline states.

On the other hand, the nature and amount of magnetic
inhomogeneities in the PM range were found to be
different for the ED and MQ technique and their appear-
ance could be explained by the difference in the ways of
alloy formation by these two methods. The magnetic in-
homogeneities are either crystalline Ni or Ni(P) precipi-
tates or amorphous Ni-rich regions as demonstrated for

ED Ni-P alloys with 15-x 20 with the help of small-
angle x-ray scattering and transmission electron micros-
copy 8) 12

It might be appropriate to discuss at this point brieAy
also the small-angle neutron scattering results of Schild
et al. on a MQ NisoP20 amorphous alloy. Their con-
clusion about the existence of regions having the approxi-
mate composition Ni75P25 seems to be in an apparent
contradiction with the finding of Dietz and co-workers '
on ED Ni-P alloys mentioned above. However, as dis-
cussed in Sec. IV B, in MQ Ni-P alloys at sufficiently high
cooling rates chemical inhomogeneities if at all are ex-
pected to occur in the form of Ni and Ni3P precipitates.
Of course, in the hypereutectic alloy Ni80P2o the appear-
ance of Ni3P precipitates (or eventually amorphous re-
gions with compositions close to 25 at. %%uoP ) ismor epre-
ferred than that of the Ni precipitates and, since Ni3P is
paramagnetic with a low susceptibility, they remain un-
revealed by the magnetic measurements by which only
the Ni precipitates are detected even if their volume frac-
tion is much smaller and, therefore, the latter probably
do not give a contribution to the small-angle neutron
scattering. Due to the different way of alloy formation,
the occurrence of Ni75P25 like regions in the matrix of
ED Ni-P alloys with 20 x ~25 is not expected but a
small-angle scattering study of such alloys has not yet
been performed.

For the ferromagnetic concentration range of the ED
Ni-P alloys which was studied here for 11 ~ x ~ 15, it was
found that the behavior of the matrix magnetization can
be reasonably well described with the Stoner-Edwards-
Wohlfarth theory of very weak itinerant ferromagne-
tism and the concentration dependence of o(0,0) and T,
followed the theory of Mathon, which was also derived
within the framework of the SEW model. This behavior
corresponds to expectation in that starting at high P con-
tents with a Pauli paramagnetic Ni-P phase (no exchange
splitting of the d subbands, i.e., T, =0) and, by decreas-
ing the P content, we should arrive, beyond a critical con-
centration, at a situation where a small exchange splitting
(small, but finite T, ) of the d subbands is induced. Since
the d bands at these concentrations are, although not yet
completely but still to a large extent filled, the difference
of the spin-up and spin-down d-band populations (or
holes), i.e., the net magnetization, is very small and these
are just the conditions for VWIF. This could, indeed, be
observed here immediately beyond the PM-FM transition
due to the fairly low amount of magnetic inhomogeneities
in our ED Ni-P alloys (if a large amount of strongly mag-
netic inhomogeneities were present, the PM-FM transi-
tion would proceed via percolation, i.e., through the gra-
dual strengthening of the coupling between the magnetic
polarization clouds). However, since the Arrott plots and
Mathon plots were found to describe our data well down
to x =11.5 and for x ~13 the saturation magnetization
o.(0,0) exceeded already about 10 emu/g, at the lower end
of the concentration range studied here the condition of
VWIF (g((1) is no longer fulfilled and the alloys here
behave as WIF. Since pure fcc Ni behaves like a SIF, we
should expect another transition (WIF~SIF) with de-
creasing P content below 11.5 at. %. Although the satu-
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ration magnetization and T, have already been mea-
sured for ED Ni-P alloys below 10 at. % P, a more de-
tailed magnetization study would be necessary to observe
this transition. These data would also facilitate an evalu-
ation of the composition dependence of the electronic
structure of Ni-P alloys on which results of low-
temperature electronic specific heat measurements
and theoretical band-structure calculations are already
also available.
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