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The observed apparent ferromagneticlike behavior of melt-quenched amor@hadvis, B1g 5 alloys has
usually been interpreted as resulting either from very weak itinerant ferromagnetism of the amorphous matrix
with a Curie point well above room temperature or from the contribution of Ni-rich segregations which are
embedded in a Pauli paramagnetic amorphous matrix. At the same time, structural studies on melt-quenched
Ni-B alloys around the eutectics at=BL7 at. % revealed in several cases the presence of crystélirend
Ni3B) precipitates, indicating poor glass formation for these particular alloy compositions. On the other hand,
it has been a general experience that introducing a third element promotes the formation of a more homoge-
neous amorphous state. By choosing Fe as the third component, we have found a significant suppression of
ferromagnetism in the ternary alloys and obtained a Curie point as low as about 50 K even for 3 at. % Fe i.e.,
paramagnetism was observed at room temperature where the binary alloy exhibited a ferromagneticlike be-
havior. Measurements of the low-field magnetization and ac susceptibility and the magnetization isotherms, the
latter analyzed with the help of Arrott plots, were performed for melt-quendhddig, 5 F&B1g5 (X
=1,2,3) alloys, and the magnetic transformation temperatures were determined. These results gave further
support for the paramagnetic behavior of the matrix of the amorphous binary alloy and for ascribing the
observed ferromagneticlike magnetization to Ni-rich segregations. From the results of the present study, the
magnetic phase diagram of amorphoug,Ni,FeBg s alloys could be constructed that indicated the presence
of a spin-glass state as well, similarly to other Ni-Fe metalloid alloys.
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[. INTRODUCTION segregations and concluded that the amorphous matrix of
these alloys exhibits Pauli paramagnetism. Studies of the
Several reporfs® have been published on the magnetic magnetic susceptibility in the liquid state of Ni-B alloys with
properties of melt-quenched amorphous Ni-B alloys with thethe same compositidn® as well as''B NMR line shift
composition of about B 18.5at. %. A common feature of measurementsyielded further evidence in favor of this in-
the observatiors**®was that at and below room tempera- terpretation.
ture the magnetization of these amorphous alloys was domi- In order to rationalize these two strikingly different inter-
nated by a small, ferromagneticlike component with saturatpretations, it might be worth making some considerations
ing magnetization values of about 1 emu/g. The saturatiooncerning the poor glass-forming abilitFA) of this par-
field varied in a wide rangé2—20 kOg¢, whereas the mag- ticular alloy composition Nj; 88155 Which is close to the
netization at a sufficiently high field&=10 kOe decreased most Ni-rich eutectics at 17 at. % BThe problem of the
only very slowly with increasing temperature, apart from theGFA has been widely addressed in genéraf and, specifi-
liquid helium range. The high-field susceptibiligy,- was of  cally, also for the Ni-B alloy systerf? It has been estab-
the order of 10%—10 °emu/g and varied only slightly with lished that alloy compositions around deep eutectics are es-
temperature. pecially prone to glass formation by melt quenching due to
There has been a controversy in interpreting the observetthe strongly suppressed nucleation rate at these
magnetic behavior of melt-quenchedgNiB;5 s amorphous  compositions? It turned out™'? however, that whereas
alloys. Based on an Arrott-plot evaluation of the magnetizaglass formation is not restricted to eutectic compositions
tion isotherms at 4.2 and 297 K, Kaul and Rosenbelgr  only, at certain eutectics the GFA has remained poor. This
duced very weak itinerant ferromagnetigMWIF) with a  seems to be the case also for thgsRi eutectic point since,
Curie temperature of 450 K. Subsequently, they have realthough several attempts have been made to vitrify Ni-B
ported ferromagnetic resonance experimeasswell in sup-  alloys around this eutectics, the results reported remained
port of the above conclusion. On the other hand, Takahashiather controversial. Based on an x-ray diffractiofRD)
and co-workers® and Bakonyi and co-worket8® ascribed  test, glass formation has been found for,gyi,B, alloys
the observed ferromagnetism to strongly magnéticrich) with x=17-18.5(Ref. 14, x=18 (Ref. 15, x=18.5 (Refs.
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1, 3, 16, and 1) x=19 (Ref. 16, and x=20 (Ref. 18. scribes the details of the sample preparation and measure-
Neutron scattering experiments have also indicated glass foments. The experimental results will be presented and ana-
mation forx=18 and 20(Ref. 18. The formation of a com- lyzed in Sec. lll. Then, in Sec. IV, the results obtained on the
pletely crystalline state was detected by transmission eledNi-Fe-B ternary alloys will be used to discuss the magnetic
tron microscopy(TEM) for x=18 (Ref. 19, and partially ~ properties of the binary Nj $B1g 5 alloy and to construct the
crystalline ribbons were quenched, according to the XRDMagnetic phase diagram of the ternary Ni-Fe-B alloys. Fi-
analysis, from the melt fox=17 and 20(Ref. 16 and for ~ nhally, the conclusions of the present study will be summa-
x=15 (Refs. 15 and 16 However, even “XRD amorphous” fized in Sec. V.
alloys can contain a small amoufdbout 2—3%: see Ref.
14) of crystallites due to the resolution limit of this detection Il. EXPERIMENT
technique. Indeed, Takahashi and co-work&tshave ob-
served by metallurgical microscopy and TEM the presence The amorphous Nis xFgBigs (x=1,2,3) alloys were
of fine Ni and NiB crystallites in an as-quenched amorphousProduced by a melt-spinning technique in the form of typi-
Nig; B1gs alloy exhibiting a halo-type XRD pattern. The cally 1-mm-wide and 1Qtm-thick ribbons. Their amorphous
above results can be summarized by establishing thditate was checked by x-ray diffraction. The magnetization
whereas an amorphous matrix can be obtained in melto) isotherms were measured in magnetic fields up to 16 kOe
quenched Ni-B alloys around the eutectics at B at. %, below room temperature in a vibrating sample magnetome-
the presence of crystalline precipitates can still be expectet®r- The same equipment was also used to measure the mag-
in an amount depending on the particular quenching condif€tization in a magnetic field ¢ =5 or 10 Oe as a function
tions and, therefore, Ni-rich segregations may well have ocOf temperature either after zero-field coolitig=C) or after
curred also in the alloys used for the above-described madield cooling (FC) where the cooling was performed in a
netization studies. magnetic field of 5 or 10 Oe. Around the temperatures where
It is well known, however, that the introduction of a third @ magnetic transition was indicated by the low-field magne-
Component into a binary System can signiﬁcanﬂy improvetization measurements, the ac Susceptlblllty was also studied
the GFA. For the Nj;, B1g s alloy, a partial replacement of B for x=1 and 2 at 160 Hz frequency and with .y
by Si (Ref. 14 or P (Ref. 20 atoms resulted in melt- =0.30e.
guenched ternary amorphous alloys without substantial Ni

segregations or precipitates. Along this line, we have now IIl. RESULTS AND DATA ANALYSIS
attempted to achieve an improvement of the GFA for o
Nig; B1g 5 by partially replacing Ni atoms by Fe atoms. The A. Magnetization isotherms

idea behind studying this alloying effect was that if the ob-  The low-temperature magnetization isotherms for the
served ferromagnetism in melt-quenched;;MB155 amor-  three amorphous alloys are presented in Fig. 1. For a given
phous alloys was caused by Ni-rich segregations, the imtemperature and magnetic field, the value of the magnetiza-
proved GFA will reduce the size and/or concentration oftion increases with increasing Fe content. However, the
these segregations and, therefore, the magnetization behavigualitative features of the magnetic behavior are very similar
of the ternary alloy should exhibit drastic changes with re-for each alloy: saturating, ferromagnetiEM) magnetiza-
spect to the binary alloy. Since Fe atoms possess larger magon isotherms at low temperatures and a linear increase of
netic moments than Ni atoms, a proper analysis of the variawith increasing magnetic field for sufficiently high tempera-
tion of the magnetic properties upon introducing Fe into thewres. The latter feature indicates a paramagri@id) state
Nig; 815 salloy can give further hints at a better understand-and, thus, a FM-PM transition at intermediate temperatures.
ing of the origin of the observed ferromagnetism in the bi-
nary alloy.

The purpose of the present paper is to describe the results
of magnetic measurements on melt-quenched In order to characterize the magnetic transition tempera-
a-Nig; 5 \F&B1g 5 (Xx=1,2,3) alloys. Their behavior will be tures of a-Nig; 5 \F&Bg5 alloys, the temperature depen-
compared to previous observatiorié® on melt-quenched dence of the low-field magnetization and ac susceptibility
a-Nig; B1g5 alloys. The present work was carried out to was measured and the results are summarized in Fig. 2.
shed some more light on the controversies concerning the Forx=1 [Fig. 2(a)], the FC and ZFC low-field magneti-
origin of the observed magnetic behavior of this binary alloyzation curves are different at the lowest temperatures, indi-
and, in general, concerning the appearance of ferromagsating a spin-glass-like behavior. The same is shown by the
netism in the Ni-Fe-B system. The introduction of Fe, in-cusp of the ac susceptibility as well. The spin-freezing tem-
deed, improved the GFA to the extent that the magnetic megperatureT identified by the peak position of the low-field
surements indicated a magneticallyand, therefore, magnetization versus temperature curve is 3.2 K.>>ze@2
chemically much more homogeneous state in the ternanfFig. 2(b)] a reentrant spin-glaséRSG behavior can be
alloys than was in the binary alloy. As typical for other Ni- identified, indicated by a plateau of the low-field magnetiza-
Fe-metalloid alloys, the formation of a spin-glass state wagion between 6 and 8 K. This behavior is characterized by
also observed. The present results enabled us to construct tiveo transition temperatures:(i) a spin-freezing temperature
magnetic phase diagram of tleNig; 5 ,FeBg 5 alloys. T¢~3.5K defined as the temperature of the steepest decay of

The paper is organized as follows. Section Il briefly de-the ZFC magnetization with decreasing temperature (and

B. Low-field magnetization and ac-susceptibility data
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o FIG. 2. Low-field magnetizatiomr (FC and ZFQ and ac sus-
FIG. 1. Low-temperature magnetization isotherms of the amorreptibility of the amorphous j 5 ,FeBig s alloys at low tempera-

phous Ni; 5 «F&Bigsalloys: (a) x=1, (b) x=2, and(c) x=3. tures: (a) x=1, (b) x=2, and(c) x=23. The solid and dashed lines
connecting the data points serve as a guide for the eye only. The ac

a Curie temperatur,~14.5 K determined by extrapolating SUScePtibility is displayed in arbitrary units.

the steepest part of the high-temperature flank of the low- ) ) )
field magnetization curve to the abscissa. The laiigeand tempt_aratures. A Curie point di;=52K can be determined
T4 values from the ac-susceptibility data, identified as thefor this alloy by the procedure used far=2.
ac-susceptibility peak temperatufésgs. 2a) and 2b)], are
due to the difference in the time scale between the two kinds
of measurement technique. The magnetic behavior of ferromagnetics with relatively
For x=3 [Fig. 2(c)], the FC and ZFC curves completely low Curie temperatures such as #ig; 5 FgB1g s alloys
coincide, indicating that this alloy already behaves as an orhas often been analyzed with the help of the so-called Arrott
dinary ferromagnet without a spin-glass state at the lowesplots (62 vs H/o curves as has been recently performed for

C. Arrott-plot analysis of magnetization isotherms
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FIG. 3. Arrott plot o(H,T) vs H/o(H,T) of the amorphous H (kOe)

Nigs 5 xFeB1gs alloy with x=3 around the magnetic transition

temperaturgl T,=52K from the low-field magnetization data in FIG. 5. Magnetization isotherms for amorphousNBs 5 al-

Fig. 2(c)]. The straight lines were fitted to the high-field data pointsloys in the liquid helium temperature range. The data are from the
only which are displayed by solid symbols. references as indicated in the legend.

amorphous Ni-P alloyd around the critical concentration for fypical case also for the amorphous Ni-P alléy3he higher

the onset of spontaneous magnetic order. As Fig. 3 shows fdre Value in comparison with the low-field dattor x=3) or
x=3, for temperatures in the vicinity of the Curie poifi, ~ the existence of a nonzerd, (for x=1 and 2 from the
—52K as deduced above from the low-field magnetizationTott-plot analysis is partly due to the overestimaféd
data, these Arrott plots consist of nearly parallel straightvalues from Fig. 4 and partly due to the fact that the Arrott-
lines, apart from very low fields. This deviation from linear- Plot analysis usually overestimates the magnetic transition
ity can be ascribed to spatial heterogeneities of the magnetiémperature of an inhomogeneous ferromagnet as was dis-
zation (for more details, see Ref. 21, in which the original cussed in detail for the case of amorphous Ni-P alfdys.

references on this problem can also be fouithe extrapo-
lation of the straight line portion of the isotherms at high
magnetic fields tdd =0 defines the spontaneous magnetiza- Before discussing the spin-glass and FM states of amor-
tion ¢(0,T) for a given temperature. The temperature depen-

L .phous Ni; s \FeBigs alloys with x=1,2,3 and the mag-
dence of the spontaneous magnetization for each alloy dis- .. g i . :
played as as2(0.T) vs T2 plot in Fig. 4 can be used to %etlc phase diagram of the Ni-Fe-B system, we should first

. . clarify the magnetic state of the binag¢Ni alloy.
determine the Curie temperatures, and the results a fy 9 8 Nig1 135 alloy

I . . . 4
T.(Fe)=9.5K, T.(Fe))= 19K, andT,(Fey) =64 K. These Eor this purpose, we summarize the available magnetic data

N . A for the a-Ni alloy and compare them to the present
values are upper limits only since, due to the limited number_ .o tﬁgs?elfh;ry s};/stem P P

of data points for each sample, we have not considered the
curvature of ther?(0,T) vs T2 plots in Fig. 4, which was the

I

N,

IV. DISCUSSION

A. Magnetic properties of amorphous Ni; B1g5

The magnetization isotherms afNig; 815 5 alloys->*°
measured in the liquid helium range are presented in Fig. 5,
indicating that the observed magnetic behavior is very simi-
lar for all investigated samples and the magnetization is typi-
cally 1 emu/g in a magnetic field of about 10 kOe in each
case. A rapid increase of the magnetization was observed at
low fields (H=<5 kOe) and, at higher fields, the magnetiza-
tion variation became much smaller, although saturation
could not be achieved up to 50 k@Ref. 4. The observed
magnetization isotherms indicate a ferromagneticlike behav-
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ior with a saturation magnetization of about 2—3 % of that of
pure fcc Ni. The high-field susceptibility was reported to be
11X 10 ®emu/g for the range 2—10 kOgRef. 3 and 3

X 10~ % emu/g for the range 20-50 kQRef. 4.

FIG. 4. Temperature dependence of the spontaneous magnetiza- I[N order to have a picture about the possible magnetic

tion o(0,T) displayed in the form of @2(0,T) vs T? plot for the
amorphous Nj; 5 FeB1g salloys withx=1, 2, and 3. Ther2(0,T)
values were obtained from the Arrott plots as shownxXer3 in

Fig. 3. The solid lines serve as a guide for the eye only.

transformation temperatures, the results of high-field magne-
tization measurements are summarized in Fig. 6 for
a-Nig; Bqg5 Apart from the lowest temperatures, the mag-

netization decreases only slightly with increasing tempera-
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FIG. 6. Temperature dependence of the high-field magnetizatiognd for two amorphous I $B;g 5 alloys (the data for the binary
for amorphous Nj; B85 alloys. The solid and dashed lines con- alloys were taken from Refs. 4 and. 6
necting the data points serve as a guide for the eye only. The dashed

line extending the data of Ref. 1 to higher temperatures indicates . . .
that the Curie point of the FM-like magnetization contribution of amorphous Ni $815 5 alloy (having probably a slight, about

a-Nig; B1g 5 can be as high as even the Curie temperature of pur(Q'5 at. % enrichment _in Bs a more pr_oper _inte_rpretation of
fcc Ni marked by the arrow. the observed magnetic behavior depicted in Figs. 5 and 6 for

these melt-quenched amorphous ribbons.

ture in each case. The results in Fig. 6 support that a FM-PM The rapid increase of when T—0 K for some alloys
transition occurs in these alloys well above room tempera¢Fig. 6) may indicate that the amorphous matrix contains
ture only, probably not very far from the Curie poi631 K) also giant-moment paramagnetic clusters with a Curie-
of Ni indicated by the arrow. Other low-fi€ld80 O and  Weiss-type behavidi?*the contribution of which begins to
high-field® (17 kOg magnetization studies also indicated thatdominate the observed magnetization in this temperature
the magnetization decreases monotonously and smoothpange, similarly to the case of amorphous Ni-P alloys just
from room temperature at least up to 500 K, similarly to theahove the critical concentration of the FM-PM transition.
results of _Tak_ahashat al." shown in Fig. 6(due to the onset A strong support for the presence of Ni-rich segregations
of crystallization around 500 K, the decreasesofannot be i, the pinary alloy comes from a comparison of its magnetic
measured for higher temperatures in the as-quenched amQfapayior with the ternary alloys as well. Figure 7 shows the
phous stat)e: : . ._magnetization isotherms around liquid nitrogen temperature
o s o e eI 0 &N By leys and for 1 i 28 2nd

s1P1gs alloy P y g a-Ni-g F6,B,4 5 alloys. At these particular temperatures, the

that about 2-3% of the sample volume consists of Ni_riChFe-containin alloys show generally a smaller magnetization
segregations which have a transition temperature very close 9 y 9 y gnetizatio

to that of fcc Ni(see Fig. 6. An Arrott-plot evaluation of the and @ linear magnetization isotherm in contrast to the binary
magnetization isotherms reported for theNig, B1 4 alloy? Ni-B allc_)ys_exhlbltlng here a FM-like behavior and_ a higher
yielded, indeed, a Curie point of 450 K. We have now per_magnetlzatmn value. These res_ults can be explamepl by the
formed a similar Arrott-plot analysis for the magnetization fact that the low GFA of the binary alloy resulted in the
data reported in Ref. 4 for aa-Nig; B155 alloy and also a appearance of chemical inhomogeneiti@§-rich segrega-
high Curie point T.=510K) was obtained. The higi, ~ tions) during melt quenching, whereas far=1 and 2, the
value fora-Nig; $B15.4alloy was attributed to the amorphous improved GFA led to a more homogeneous distribution of Ni
matrix with a VWIF character by Kaul and Rosenbérg. and Fe in the alloy and, thus, to a decrease of the observed
However, when alloying Ni withsp elements in generdl ~ magnetization in spite of the presence of Fe atoms carrying a
and, specifically, with phosphorus in the form of an amor-larger magnetic moment than Ni.

phous Ni-P matrix! the reduction of the saturation magne- We can summarize the magnetic behavior of the
tization and Curie temperature has been found to occur at a&-Nig, B15 5 alloy as follows. The observed ferromagnetic
approximately common rate with increasing metalloid con-behavior can be ascribed to the presence of about 2—3 %
centration. This is itself a strong argument against the interNi-rich segregations which are embedded in the amorphous
pretation that an amorphous matrix afNig; B1g5 alloys  matrix. The actual amount of these strongly magnetic segre-
exhibits ferromagnetism witlrs~1 emu/g andT,~500K.  gations depends on the cooling rate during melt quenching.
This would namely mean a ferromagnetic Ni-rich alloy for The amorphous matrix is Pauli paramagnetic with a high-
which the values ofs and T, are 2% and 70%, respectively, field susceptibility of nearly 20010~ ® emu/mol (Ref. 4,

of the corresponding values of fcc Ni, which is highly im- which is close to that of pure Pd metal. This indicates that
probable. In addition to the evidences given previo@él§, the amorphous matrix is strongly Stoner enhanced, and this
this further supports the argument that the presence of NiNig; $B1g 5 alloy composition is already close to the PM-FM
rich segregations in the Pauli paramagnetic matrix of thdransition.
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50 - a'Ni812§—£§FQ<Bl&5 alloys to that of a-Nigy xFePy

alloys;"“°it is evident that the spin-glass phase extends up
to much higher Fe concentrationg,.{;,~10 at. %) for the
Ni-P-based ternary amorphous alloys than for the Ni-B-
based ones studied in this pap&f£<3 at. %). This shows
the crucial role of the type of metalloid in determining the
low-temperature magnetic behavior in Ni-rich ternary Ni-Fe-
M metalloid amorphous alloys, and this will be the subject of a
subsequent paper.

1 @-Nigq 5.xFe,B1g 5
40

30 4

20 A

Tg Trand T¢ (K)

V. CONCLUSIONS

" r ; T Detailed low-temperature magnetic measurememsg-
0 1 2 3 netization isotherms, temperature dependence of the low-
Fe-content, x (at.%) field magnetization, and ac susceptibilityere performed on
FIG. 8. Magnetic phase diagram of amorphoug,Ni,FeBg 5 melt-quenched amorpho‘ﬁs b xFEBgs alloys with x
alloys up tox=3 [T, (A), Ty (), T, (0)]. Due to the few data =1, 2, and 3. A pure spln-glas_s state was found Xerl
points, it can only be estimated that the onset of the SG and FMT¢=3:2K). For x=2, the spin-glass stateT{=3.5K)

regimes occurs around=0.5 and 2.5, respectively, as indicated by transforms into a ferromagnetic Pha'se which hgs a Curie
the dashed lines. temperature of ;=14.5 K. The alloy withx=3 exhibits fer-

romagnetism with a Curie point df;=52 K. Based on these

In a forthcoming papé®® it will be shown that the mag- dat@, the magnetic phase diagram of amorphous

netization isotherms of Nj B1g 5 alloys can be ascribed to Ni81-9XFe><Bl_8-5 allofysh C(;.UI% be dconstructed. d q ¢
superparamagnetic particles, similarly to amorphous Ni-P al- A comparison of the field and temperature dependence o

loys just around the critical concentration of the PM-FM the magnetic behavior of the amorphoug,Ni \F&B1g 5 ter-
transition?! nary alloys with previous data on the amorphoug;\B+g 5

binary alloy supplied further evidence that the amorphous
matrix of the binary alloy is a Pauli paramagnet and the

B. Magnetic phase diagram of the amorphous Ni s xF&Bigs  observed FM-like behavior of the amorphous B 5 al-
system loy can be ascribed to Ni-rich segregations formed during the

In Fig. 8, the magnetic phase diagram for the amorphou&€lt-quenching process owing to the low GFA of this par-
Nig; 5 [F&B1gs alloys is shown as constructed from the ticular alloy composition. Fgrther detalleq magnetic mea-
measured low-field magnetization data. No spin-glass state fIreéments, to be presented in a forthcoming paben the
observed forx=0 and 3, whereas this state exists for the@MOrphous Nj 8155 alloy demonstrate a superparamag-
compositions in betweefx=1 and 2. The binary amor- Netic behavior of the Ni-rich segregations. This interpretation
phous alloy Ni; B1g5 and the ternary one diluted with 3 has been recently accepted also by Re_IJaI.zg based on the
at.% Fe are paramagnetic and ferromagnetic down to thEeSults obtained for a melt-quenchaeNigoB,, alloy.

lowest temperatures measured, respectively. The composi- Finally, it should be pointed out that for inhomogeneous
tions in between show a complex magnetic behavior withferromagnets, the low-field FC and ZFC magnetization and

decreasing temperature{i) the alloy withx=1 at. % Fe is the ac-susceptibil_ity measurements clearly rev_eal tha@ _the
a pure spin glaséSG) characterized by a magnetic transition Arrott-plot analysis overestimates the magnetic transition
from PM to SG aff, andii) the alloy withx=2 at. % Fe is temperatures. In the present study, e.g., the Arrott-plot analy-
RSG characterized by two magnetic transitions: from PMSIS YieldedT.=9.5K for x=1, which alloy actually has a

to FM atT, and from FM to SG af; . It is evident that the PM-SG transition only af =3.2K. This tendency is espe-
magnetic behavior of the amorphoussNj ,Fe By s Series cially pronounced for weakly magnetic systems as was found

(0=x<3) changes very rapidly with the Fe concentration,to be the case also for amorphous Ni-P alloys around the

and this resembles the magnetic phase diagram of the amdtitical concentration of the PM-FM transitiéh.
phous Feyo yZr, system for =y<12 (Ref. 2. This re-
semblance is somewhat surprising since amorphous Fe-Zr is
a Fe-rich alloy system where the rapid change of the mag- This work was supported by the Hungarian Scientific Re-
netic properties takes place in a small Zr concentration ranggearch FundOTKA) through Grant No. T030753. We ac-
On the other hand, comparing the magnetic phase diagram &howledge E Zsoldos for performing the x-ray studies.
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