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Magnetic properties of metastable Zr-Ni and Hf-Ni alloys around the
paramagnetic-ferromagnetic transition
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A melt-spinning technique was used to produce metastable Zr-Ni and Hf-Ni alloys for compositions around
the Ni-rich eutectiqat 89, 90, and 91 at. % Ni contgnDepending on the cooling rate and alloy composition,
either an amorphou®) or a body-centered-cubibcc) phase or a nanocrystallirie) state with theZr, Hf)Ni5
structure was formed. In this paper, experimental results on the low-temperature magnetic properties of these
Zr-Ni and Hf-Ni ribbons are presented. The ac susceptibility, the low-field magnetization, and the magneti-
zation isotherms were measured between 5 and 300 K. The Curie points of the amorphous and bcc phase of the
ZrgNig, alloy were practically the sam@bout 70 K and theT¢ of the a-ZriNigg alloy was around 42 K,
whereas then-Hf1Nigg alloy remained Pauli paramagnetic down to 5 K. The results are evaluated in the
framwork of the theory of very weak itinerant ferromagnetism. The critical concentration of Ni for the onset of
ferromagnetism in these metastable alloys was deduced to be about 89.5 at. % Ni. The characteristics of the
paramagnetic-ferromagnetic transition in these systems are discussed in terms of the electronic density of states
at the Fermi level.
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[. INTRODUCTION detailed magnetization study. It was also of interest to com-
) ) o pare the magnetization characteristics of the amorphous and
The magnetic properties of alloys of Ni with several early hcc phases with the same chemical composition in more de-
transition metals such as Moy, or Y (Refs. 3 and #thave  tajl and to extend the study of magnetic properties to other
been extensively investigated, especially as far as their bewailable Zr-Ni and Hf-Ni alloy compositions. Another aim
havior around the critical concentration of the paramagneticwas to establish the critical concentration for the PM-FM
ferromagnetiaPM-FM) transition is concerned. This transi- transition in these alloy systems.
tion typically occurs for Ni concentrations in the range |In this paper, experimental results on the temperature de-
80-90 at. %. In the Zr-Ni and Zr-Hf systems, however, pendencéfrom 5 to 300 K) of the ac susceptibility, the low-
studies reporting on the magnetic properties in the composfield magnetization, and the magnetization isotherms up to
tion range where the PM-FM transition can be expected t&0 kOe are presented for structurally well-characterized
occur have remained rather scarce to date and even theftelt-quenched Zr-Ni and Hf-Ni ribbons. By detailed analy-
results are contradictory to some extent. sis of the results obtained, the magnetic transition tempera-
Amamouet al? reported that the most Ni-rich compound tures and the matrix saturation magnetization values, the
in the Zr-Ni system, ZrNj, remains Pauli paramagnetic temperature evolution of the coercive fields, and high-field
down to at least 4.2 K. In line with this finding, Turekal®  susceptibility could be deduced. The behavior of the FM
found the absence of ferromagnetism for the crystallinealloys was interpreted in terms of very weak itinerant ferro-
ZrNis phase by using electronic band-structure calculationgnagnetism(VWIF).1! From the composition dependence of
and the same result was obtained for the amorpH@alis the Curie point, the critical concentration of the PM-FM
ZrigNigs alloy as well. Pauli paramagnetism was deducedransition was found to be around 89.5at.% Ni for
also for a nanocrystallinén) Hf;;Nigg alloy with the HfN  (Zr, Hf)-Ni alloys. Some information concerning the influ-
structure’ ence of metallurgical heterogeneities on the observed mag-
On the other hand, ferromagnetism was observed fonetic transition temperatures could also be derived from
melt-quencheda-ZrioNigy (Ref. 8 and a-ZrgNig; (Ref. 9  these studies. It is believed that the present work provides an
alloys and for sputtered amorphous Zr-Ni all8y$or Ni  as complete as possible picture about the current understand-
contents from 88 to 92 at. %. However, the Curie temperaing of the magnetic properties in the various structural modi-
tures(T¢) for the two melt-quenched alloys differed strongly fications of Ni-rich alloys in the Zr-Ni and Hf-Ni systems.
both from each other and from the values of the correspond- The paper is organized as follows. Section Il describes the
ing sputtered samples. Furthermore, it was establfstied  details of sample preparation and magnetic measurements.
in a melt-quenched 4Niy; alloy, which was produced as a The magnetization data and their analysis are presented in
solid solution of Zr in Ni with a body-centered-cubibcc)  Sec. lll. These results are discussed in Sec. IV in terms of the
structure, the Curie point was practically the same as thelectronic density of state€OS) for Ni-rich Zr-Ni and
value for thea-ZrgNig, ribbon. Hf-Ni alloys as well as the characteristics of the PM-FM
The discrepancies between the results on the differertansition in these systems. Finally, the conclusions are sum-
metastable Ni-rich Zr-Ni alloys have motivated the presenimarized in Sec. V.
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Il. EXPERIMENT .
aZroNig]

The metastable Zr-Ni and Hf-Ni alloy ribbons were pro- 31 #267)

duced by a melt-spinning technique. The ribbon preparation

detail$? and the structural characterizatidd—®have been

described elsewhere. Depending on their thickréss, on

the cooling ratg ribbons with an amorphous structu¢a

-ZrigNigg and a-ZrgNigq), a bce NiZr) solid solution phase 14

(bcc-ZNigy) or a nanocrystalline statén-Hf;;Nigg) were

obtained. The ribbons will be identified by the same code

numbers as introduced in Ref. 12. 0
The magnetizatiorio) isotherms were measured in mag- 0

netic fields up to 16 kOe below room temperature in a vi-

brating sample magnetometev_SM). The same _apparatus FIG. 1. Temperature dependence of the FC and ZFC low-field
was used to measure the low-fighth O8 magnetization as  agnetizations and the ac susceptibilitya. of the a-Zr; Nigo alloy

a function of increasing temperature after either zero-fieldripbon no. 268 and thea-ZroNig, alloy (ribbon no. 267. For the
cooling (ZFC) or field-cooling (FC) in a magnetic field of  |ow-field magnetization, both the measuring and cooling field were
10 Oe. For an amorphous-ZrgNig;) and a nanocrystalline 10 Oe. The ac susceptibility is displayed in arbitrary units. The
(n-Hf11Nigg) ribbon, the magnetization isotherms were mea-stepwise changes in thg. data just belowT ¢ occurred due to the
sured in a superconducting quantum interference devicganual control of the temperature. The solid line alongxthedata
magnetometer up to 50 kOe and the temperature dependenf@é a-ZroNigg indicates the determination of the Curie temperature.
of the coercive force was studied for the amorphous alloy.

The real component of the ac susceptibilifg) was studied for two independently prepa_tred nbbq(!sos. 62 and 6p

at 6 kHz frequency withH...=20 mOe from 5 to 300 K melt quenched under identical conditions from the same

These Iatter?neaszrementrga)\(/;ere erformed in a home—.bwj got? indicates a very similar magnetic behavior, with a
P ﬁight difference only of thel:(y,) values: 69 K(no. 62

ac susceptometer in which the probe was manually lifted up . e e
or down above the liquid-He level in a cryostat in order toand 73 K(no. 63. The break in the low-field magnetization

increase or decrease the sample temperature, respectiveﬁ:urveS of ribbon no. 62 indicatesTa of about 66 K for both

. : iMe FC and ZFC cases. A previous low-field magnetization
The ac-susceptibility runs were mostly recorded with de- ; . .
creasing temperature. study’ of another piece of ribbon no. 63 yieldedaof 70 K

for the majority phase, in good agreement with the present

o (emu/g)

IIl. RESULTS AND DATA ANALYSIS: FIELD work.
AND TEMPERATURE DEPENDENCE As shown by Fig. 2a), however, the magnetic behavior of
OF MAGNETIZATION the bce-ZgNig, alloy is somewhat different from that of the

a-ZriogNigy and a-ZrgNig; alloys even though th&. of the
majority phase is practically the same for the amorphous and
The results of low-field magnetizatioio) and ac- bcc structural modifications for the gtig; alloy composi-
susceptibility (y,0 measurements for tha-Zr;oNigyg anda  tion. One difference is that the peak of tig. curves is less
-ZrgNig; alloys are summarized in Fig. 1. The sharp changesharp and more broadened for the bcc ribbons. Another fea-
of both o and y,c around 40 and 70 K, respectively, indicate ture is that, besides the Curie point of the bcc matrix around
well-defined PM-FM transitions for both alloys. The small 70 K, there is another sizeable magnetic transition in the bcc
difference between the FC and ZFC low-field magnetizatiorribbon around 150 K as indicated by Fig(b The large
data suggests that the matrix of these alloys has a good madiference between the FC and ZFC curves for the bce ribbon
netic homogeneity and it exhibits a clear FM behavior. Theno. 62[Fig. 2&)] can be ascribed to this second component,
shape of they,. curves is also characteristic of the appear-which is not characteristic of a ferromagnetic phase. This is
ance of a normal FM phase below the transformation temedemonstrated in Fig. (B) where the FC curves of the
peratures. bce-ZgNig, ribbon (no. 62 are shown for two different
The Curie point can be estimated by linearly extrapolatingcases. In one case, the magnetization was measured with
the o(T) and x,{T) curves to the temperature axis as indi- increasing temperature after the sample was cooled in a mag-
cated by the solid line for thg,. data of thea-Zr,;(Niggalloy ~ netic field whereby the measurement was performed with a
in Fig. 1. The analysis of the low-field magnetization/ac-magnetic field oriented parallel to the cooling figicurve
susceptibility data yield3=41 K/42 K fora-Zr,Nigo and ~ denoted by FC-10 Og]. In the other case, the measurement
Tc=66 K/69 K for a-ZrgNig;. The difference in thd- val-  was performed with the same magnetic-field orientation as
ues from thea-Zr;(Nig, to thea-ZrgNig; alloys is ascribed to  before but now the cooling field orientation was reversed
the higher Ni content of the latter one. The present results arggurve denoted by FHE10 Og]. The FC curves are drasti-
in good agreement with our previowg. measurementon  cally different for the two orientations of the cooling field
another piece of the san&ZrgNig, ribbon (no. 267 where  (+10 Oe and -10 Oe Evidently, the phase with the transi-
Tc=66 K was obtained. tion temperature around 150 K is completely frozen in for a
The low-field magnetization ang,. data for the bcc cooling field of 10 Oe in magnitude and the magnetization
-ZrgNig, alloy are shown in Fig. @). The ac susceptibility contribution of the ordinarily FM phad@ =66 K) is super-

A. Low-field magnetization and ac susceptibility data
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3 ~70 K in the bcc ribbons may be ascribed to this phase.
FCo2 0 toccZr9Nigy This observation indicates that the Curie points of an
0000y, ___..-.-;;;:.'----".“,_. a-ZrgNig, alloy and a bce-NiZr) solid solution with the same
T L ﬂbﬂ_ chemical composition are practically the same.
e FOT nununﬂ““d] Sl o Although the broad x-ray diffraction(XRD) lines
P (#62) “on, suggestetf the possible presence of some residual amor-
ac” =W phous phase in these bccgRlig, ribbons, no indication of an
11 °°°°°°°°88=>'d'ea,%°ea,-3°.°.‘,&._ amorphous phase was obtained in the conventional TEM
T T studies'?!3 Based on high-resolution TEM results, it was
ZFCEo7 o § rather suggestédithat the XRD line broadening may come
1] from a nanoscale structure within the interior of the bcc
0 v 20 30 4 50 & 70 &0 grains: well-ordered nanoscale regions appeared embedded
@) T 60 in a matrix with disordered atomic positions. The ordered
and disordered regions may correspond to areas with either
“m, FC(+1008) A‘i b00ZroNio7 (#62 Iovv_ or high_Zr contents. It may be therefore _that the mag-
netic transition around 150 K is connected with these com-
positional fluctuations within the bcc crystallites.

The x5 data did not indicate the onset of FM ordering
%A% /10X(FC+) down to 5 K for then-Hf;;Nigg alloy with the HfNi struc-

%ﬁ ture (ribbon no. 277. This agrees with the result of our pre-

- vious worK for this alloy. This means that the matrix of the
o n-Hf;,Nigg alloy exhibits Pauli paramagnetism.
i The y,. measurements, furthermore, revealed for ¢he
, ‘ -ZrgNig; alloy another magnetic transition in the form of a
100 150 200 susceptibility maximum around 270 K. This might be indica-
(b) T 40 tive _of a very small amount_of Ni-rich seg_regations in the
matrix. These features are discussed later in Sec. Il C.

FIG. 2. (a) Temperature dependence of the FC and ZFC low-
field magnetizationo and the ac susceptibility,. of two bcc
-ZrgNigq alloys (ribbon no. 62 and ribbon no. §3or the low-field
magnetization, both the measuring and cooling field were 10 Oe The magnetization isotherms for tlaeZrgNiy,; alloy are
(for ribbon no. 62, two ZFC measurements were performed; forshown in Fig. 3. They indicate the development of a sponta-
details see text The ac susceptibility is displayed in arbitrary units. neous magnetization at sufficiently low temperatures and
The stepwise changes in thg: data just belowTc occurred due to  phonlinear magnetization curves for temperatures in the vicin-
the manual control of the te_mperatu(b) 'I.'em.perature dependence ity of the PM-FM transition. This behavior, together with the
of the FC and ZFC low-field magnetizatiom for one of the  yg|atively low values of the magnetization and the Curie
bee-ZigNig, alloy samplegribbon no. 62 shown in a larger tem- iy s typical for VWIF materiald! Well above the Curie
perature range. The two ZFC curves and thé-+HD Og curve are point (Tc=70 K), the magnetization isotherms are linear
identical to those shown it). For curve FG-10 09, see text, with a high-field susceptibility decreasing with increasing
Around 150 K, the FG+10 Og and FG-10 Og¢ data are displayed i t Th Bbout 0.05 i
also by magnifying them 10 times in order to better identify the emperature. € very sr_naﬂ out ©. emu/pappare_n
magnetic transition temperature in this range. saturation magnet'zat_'on_ in t_h(_a PM phgsee F'g'_ Bb)_] IS

most probably of extrinsic origin, e.g., due to oxide impuri-
imposed on it. The small splitting of the two ZFC curvesties on the sample holder and therefore in the following it
around 100 K[Fig. 2b)] is due to the fact that the rema- will be considered as a “background” magnetization only.
nence field of the VSM electromagnet was not completely For thea-Zr;oNig, alloy, the behavior of the magnetiza-
zero in either case during cooling, i.e., there was a smallion isotherms was very similar to those for theZrgNig,
negative nonzero magnetic field during cooling for the circlealloy [Fig. 3(@)] except that the magnetization values were
data run and a much smaller positive remanence field for themaller by about a factor of 2 due to the reduced Ni content.
full circle data run(the measuring field was positive in both For the bcc-ZgNig; alloy, the magnetization isotherms re-

. -
o

a
a
£
L
N

c (emu/g)

1060

B. Magnetization isotherms: Arrott plot analysis

cases mained nonlinear up to higher magnetic fields than for
The magnetic behavior of another piece of the bcc-a-ZrgNig; and becqme_ linear around room temper_ature only.
ZrgNig, ribbon(no. 63 previously studietiwas qualitatively The magnetization isotherms were evaluated with the help

the same: a small magnetization contribution from a phasef Arrott plots. The linear sections at high magnetic field of

with a transition temperature of about 130 K and a majoritythe ® vs H/ o plots shown in Fig. 4 for the bcc-giig; alloy

FM phase withTc=70 K. were extrapolated té1=0 and the intersections with the or-
According to structural studiég;’®in these bcc-ZNig;  dinate provided the spontaneous magnetizatitéh, T). Ac-

ribbons the dominant phase is a bcaty solid solution  cording to the theory of VWIEL by plotting 0%(0,T) against

with fairly large (=0.5 um) crystallites of well-defined po- T2, the Curie temperatures can be determined as shown in

lygonal shape. Therefore the magnetic transition viith  Fig. 5: Tc=45 K (a-ZrioNigg), Tc=72 K (a-ZrgNigy), and
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60

---o--- bee-Zr9Ni91 (#62)
—a—a-ZrINio1 (#267)
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20 A
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FIG. 5. Temperature dependence of the spontaneous magnetiza-
tion (0, T) displayed in the form of a(0,T) vs T? plot for the
a-ZrioNigg, a-ZrgNig; and bcc-ZgNig, alloys. Thed?(0,T) values
are intercepts extrapolated from the Arrott plots. The lines through
the data points serve as a guide for the eye only. The Curie point is
identified by the temperature whesé(0,T) becomes 0.

measurementdig. 2), in line with recent results on amor-
phous Ni-P(Ref. 179 and NiFe)-B (Ref. 18 alloys around
the PM-FM transitiort/:'® According to the analysis by
Acker and Hugueni,the Arrott plot evaluation can overes-
timate the magnetic transition temperatures for a FM matrix
containing regions with & higher than the matrix Curie
point. This is certainly due to the fact that when approaching
the T of the matrix with increasing temperature, the contri-
bution of the magnetic inhomogeneities yieldse&0,T)
value higher than the actual value of the FM matrix itself and
this causes the curvature of tbé(0,T) vs T2 plot for such

FIG. 3. Low-temperature magnetization isotherms for thesystemgsee the data for bce-gig, in Fig. 5). In contrast,

a-ZrgNig; alloy (a) for T=23.7 to 145.4 K up tat1=16 kOe andb)

for T=5 K to 300 K up toH=50 kOe.

the 0?(0,T) vs T2 plots are nicely linear for the-Zr;Nigg
anda-ZrgNig; alloys (Fig. 5).
The magnetization isotherms were measured forrthe

Tc=96 K (bce-ZgNigy). For the two amorphous alloys, the Ht, | Nig, alloy up toH=50 kOe aff =5, 200, 250, and 300 K

Tc values are higher by about 5 K than the Curie points(rig. 6). Although this alloy was found to exhibit Pauli para-
derived from the low-field magnetization and ac- magnetism according to the,data(Sec. Il A), here we can
Susceptlblllty measurements. On the other hand, for thgee the contribution of a phase being magnetic at room-
bce-ZigNig alloy, the Arrott plot analysis yields a much temperature and certainly even above. The room-temperature
higher Curie pointthe difference amounting to nearly 30 K, magnetization isotherm presented in Fig. 6 agrees well with
the relative difference corresponding to more than 10%

This latter deviation is attributed to the presence of a large — r -t - r Tt 1

.. o . (m]n]
amount of magnetic inhomogeneities in the bce alloy as de- 127 DDDDDDDDDDDDDDDD” .
tected by the low-field magnetization and ac-susceptibility _oponeea
1.04 DDDDDDDDD .
]
o 1 200 K
T=237K .
boe-ZrgNigy (#62) 0.8 Sﬁgﬁﬂ 00000000000
§ 0000
% g ]
3 o
o
0.2 n-Hf,,Nig (#277) |
" 0.0 T T T T T
0 1 2 3 4 5 6 0 10 20 30 40 50
H/o &Oe.glermud H (kOe)

FIG. 6. Low-temperature magnetization isotherms for the
Hf11Nigg alloy for T=5-300 K up toH=50 kOe.

FIG. 4. Arrott plotsoy(H,T) vs H/o(H,T) of the bcc-ZgNig,
alloy around the magnetic transition temperature.
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15 L e below the matrixT. then they exhibit superparamagnetic

o (SPM) characteristics foll > T and no hysteresis occurs for
such particles. However, an assembly of such particles can
still exhibit FM behavior as a consequence of interparticle
] interactions either directly via their magnetic dipolar fields
a-ZrgNig, (#267) and/or indirectly via a residual exchange coupling through
the paramagnetic matrix. Above about 80(Kig. 7), H.
starts to decrease since the interparticle coupling can dimin-
ish by a weakening of the indirect exchange interaction and
54 o - also by the reduction of the direct dipolar coupling due to
higher thermal agitation of the magnetization. In the tem-
o ] perature range 200—300 K, the very small coercive field val-
\ ues indicate that the coupling between the particles may have
o— ¢ nearly completely disappeared and most of them exhibit here
SPM behavior due to their small size.

The above described picture for explaining the tempera-
ture evolution of theH, of the magnetic inhomogeneities
conforms well with they,. results for thea-ZrgNig; ribbon
(see Sec. Il A. Namely, due to the extremely small
(26 mO¢ exciting field amplitude of they,. measurement,
the FM phase withd values as shown in Fig. 7 above the

our previous data on this alldyand is comparaple o the of the amorphous matrix remains unrevealed. The magnetic
magnitude of the room-temperature magnetization measure

for the a-ZrgNig; alloy [Fig. 3(b)]. This magnetic contribu- inhomogeneities can be observed in thg measurement

tion can be ascribed to the presence of Ni-rich regions in th only if their coercive field takes very small values, i.e., for
Pauli paramagnetic alloy ribbon as discussed in the next Seggmperatur§§> 200 K where they_gradually peqome an as-
tion Sembly of independent SPM _partlcles. This is just the tem-

' perature range where)g. maximum occurred for this alloy.

It is noted finally that the linearity of the high-field slope
of the magnetization isotherms in Figb3indicates that this
field-dependent magnetization contribution originates from
the paramagnetism of the amorphous matrix and not from the

It was indicated by the previously described magneticgp) particles.
measurements that in these Ni-rich melt-quenched meta- | the n-Hf,;Nigg alloy, the magnetization isotherms are
stable Zr-Ni and Hf-Ni alloys, there are regions which arenighly nonlinear up to 50 kO€Fig. 6). Since the alloy ma-
magnetic even above thE; of the FM matrix (Zr-Ni) or  tix has a HfNi structure and shows no PM-FM transition
they exist in the otherwise non-FM matrikif-Ni). down to 5 K, the fraction of excess Ni which is not dissolved

In order to further characterize the magnetic inhomogeneon the Hf sites of the matrix is enriched in the intergranular
ities in thea-ZrgNig, alloy (ribbon no. 267, the hysteresis phase. These regions can exhibit FM or SPM behavior, de-
loops were measured from 5 to 300 K. The hysteresis loopgending on their size. Therefore we have attempted to fit the
at5 and 60 K, i.e., in the FM state of the amorphous matrixmagnetization curves by assuming a FM, a SPM, and a para-
were almost completely rectangular with relative remanencenagnetic contribution, the latter one due to the Pauli para-
values very close to unity and with small coercive fielHg  magnetic matrix. Since the FM regions are expected to satu-
about 1 Oe or less, see Fig. 7 rate in a few kOe magnetic field, they were taken into

Above the Curie point of the amorphous matriXc  account by a constant magnetization contribution and the fit
~70 K), a FM component superimposed on the small “backwas made for magnetic fields above 2 kOe only. The fit re-
ground” magnetizationcf. Sec. Il B) could still be ob- sults can be summarized as follows. The paramagnetic con-
served, which can be ascribed to the presence of regiortsbution was characterized by a high-field susceptibility
more rich in Ni and therefore having higher magnetic tran-of about yur=5%10°emu/g for T=200—-300 K and 6
sition temperatures than tlaeZrgNig; matrix. This FM com- X106 emu/g forT=5 K. The average SPM magnetic mo-
ponent exhibited a sheared hysteresis loop andjtdirst  ment size was about 5@ for T=5 K and about 1300, 1500,
increased then decreased with temperature as shown in Fignd 160Qz for T=200, 250, and 300 K, respectively. The
7. The temperature evolution &f; for the a-ZrgNig; alloy ~ FM saturation magnetization was 0.56 emu/g for5 K
strongly resembles the behavior of FINEMET-type partiallyand 0.38, 0.31, and 0.22 emu/g fb+200, 250, and 300 K,
crystallized alloy®® in which Fe&Si) nanoparticles are em- respectively. These data can be interpreted by saying that the
bedded in a residual amorphous matrix. Upon increasing thmeasured magnetizatioffFig. 6) is dominated by the FM
temperature to above the matfiy, the so-called “exchange contribution which increases with decreasing temperature.
softening” effect is strongly reduced and the coercive field ofThis increase comes mainly from the fact that whereas for
the remaining FM component starts to increase towards theemperatures from 200 to 300 K part of the magnetic inho-
intrinsic H, value of the nanoparticle assembly. If the embed-mogeneities are in the form of SPM regions with average
ded particles are so small that their blocking temperature isnoments around 15@Q, those large SPM regions which

T T T T T T v T T 1
0 50 100 150 200 250 300
T(K)

FIG. 7. Temperature dependence of the coercive foiiclor the
a-ZrgNig; alloy.

C. Analysis of the magnetic inhomogeneity contributions
in a-ZrgNig; and n-Hf 1Nigg
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120 A : associated witll electrons of TL metals lie at lower energies
00 ] y igi:m gg‘;g’i)o@ than thed-electron states of TE metals. This is mainly due to
- ] £ DG Zr10N90 (16 kKOo) the d_|fferences between the energies of t_he correspo_ndmg
g : amHIN 0051 o 51523 eV and of the tomigievels of 2 s -7.07 eV9
5 ] \ : -15. =1. .

§ ‘\‘ This split nature of thel states has, indeed, been observed by
s ] o, photoemission studies and confirmed by band-structure cal-
=~ 10 culations. As summarized in detail in Ref. 21, it turned out

i 1 from these experimental and theoretical studies that thd TL
20 4 ‘\A\‘ states form a peak below the Fermi enekpywhereas the
1 N . A TE d states occupy mostly the region around and aligve
0 L e S As a consequence, when increasing the TL content the DOS
0 50 100 150 200 250 300 atEg decreases since the fraction of TE atoms contributing to
T ® this energy range decreases. The composition evolution of

o . the DOS atE; as deducted from low-temperature specific-
FIG. 8. Temperature dependence of the high-field susceptlblll%eat and superconductivity data f6Fi, Zr, Hf)- (Ni, Cu) al-
X for the Ni-based alloys investigated in this work. loys up to about 70 at. % Ni or Cu has indeed been found to

have their blocking temperature in the range 5-200 K befollow this behaviof® and the results of reported band-
come ferromagnetic at the lowest temperature investigategfructure calculations have also confirmed these findings.
and only the region with the smallest momegabout 5Qs) The present study deals willr, Hf)-Ni alloys with Ni
remain in the SPM state at 5 K. contents around 90 at. %. In this composition range, due to
Recent high-precision x-ray diffraction measuremé&nts the reduced TE content the Fermi level already occupies a
indicated the presence of a small amount of 4d¥ia Ni-rich ~ position around the top of the Nid3band. The contribution
Ni(Hf) solid solutior] phase in then-Hf;;Nigg alloy. Since  of Zr and Hf to the DOS aEr is small or negligible since
high-resolution transmission electron microscBpwas not these 4 and % states mostly lie abové&g. Specifically,
able to reveal and locate a second phase beside the; HfNivhereas for the crystalline Zrilcompound the Fermi level
structure in this alloy, it can be assumdHbat these Ni-rich lies in a pseudogap between a large NilBOS peak and a
regions revealed by the magnetization data must constitutemall Zr 41 DOS peak’? for the ZrNi compound the Fermi
part of the intergranular phaggrain boundaries, triple-line level already cuts the falling flank of the NODOS peak®
junctions, quadrupole nodes The latter situation holds also fa@-NigsZrs® This is the
D. High-field susceptibility data highest Ni content for which band-structure calculation has
' T ] ] been reported in the amorphous Zr-Ni alloy system.
_ .F_rom the magnetization !sotherms, the high-field SUSCeP- An ultraviolet photoemission spectroscopy study per-
tibility xr data can be obtained and the results are shown igyymed on thea-ZroNig,; alloy? indicated a band structure
Fig. 8. For the two amorphous Zr-Ni alloys, ther data  qresponding to what can be expected on the basis of the
indicate a maximum between 50 and 100 K, with the posic.jated DOS form-Zr,Nigs® Both the crystalline ZrNj
tion of the maximum being higher f@ZrgNig;. This behav- . 100,04 and tha-zr,Nigs alloy was predicted by DOS
ior is typical for ferromagnets in that @, maximum occurs lculationé to b ; ic. Th " i
in the vicinity of T, here in both cases at temperaturesc.a.(?ualon 0 b€ nonferromagnetic. The magnetic suscep
somewhat abovel.. On the other hand, no such max- tibility measurements on the crystalline ZgNmom_pouné
imum occurs forn-Hf4Nigg Since itsT is expected to be ggﬁl ?LSZ ;n%cated the absence of ferromagneianteast
iei%\f\é e?nE}g Tvr;?ueprfi\rno;ns(l))t/herreg?ét:zdngF(tsh(fH?;NSii On the other hand, it can be established on the basis of the
ribbor’ is in good agreement with the present data. ItDOS cur\ées qalculatécfor the g:rystallme Zy comp_ound
should also be mentioned that the valygg(300 K)=5 (83.3 at. % Nj and the_a—Zr15N|85 alloy that the basic fea-
%10 emu/g obtained here corresponds to 360tures of the D(_)S remain very much the same for both struc-
%10 emu/mol for the n-HiyNig alloy with the tural mod|f|cat|ons(apart_from a smearing out of th_e DOS in
HfNig structure whereas Ama#ﬁoétg al® reported 247 the amqrphous state w!th_respegt to the.crystallmg phase
X 1078 emu/mol for the crystalline stoichiometric compound The main reason for this is that in the Ni-rich ZgNiom-
ZrNis (composition: Zyg Nigs 9. As discussed below in Sec. pound, the elementary C?” contams a large num_ber_ of ato”.‘s
IV A, the replacement of Zr and Hf with each other does notand’ anyway, at such a high Ni content the contribution of Ni
! atoms dominates the total DOS.

significantly modify the electronic structure around the These results suggest that those physical properties which

Fermi level. Therefore these susceptibility data are well in ; . :
accord with the 6 at. % difference in the Ni content of the2'® determined by the DOS curves will mainly depend on the

Ni content only in these systems. This could already be seen

two alloys. in Sec. Il A and lll B. TheT¢ was higher for larger Ni
IV. DISCUSSION content in the amorphous Zr-Ni alloys and was nearly equal
) _ for the amorphous and bcc Zr-Ni alloys of the same compo-

A. Features of the DOS in(zr, Hf )-Ni alloys sition. It has been pointed out previou&lyhat the shape of

In alloys of early transition metaldTE) such as Zr or Hf the DOS curve is very similar for Zr and Hf metals for a
with late transition metals such as Ni, the electronic stategiven structural modification, apart from a larger bandwidth
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for Hf due to the larger core offdelectrons. This means that 1 m‘ je
the DOS of Ni-rich Hf-Ni alloys will be very similar to 120000 - | @rHD100 x
those of Zr-Ni alloys with corresponding compositions. 100000 1 & SPamzu toh et ket 10 ‘

Since the DOS arounBg is dominated by the Ni contribu- | B WRoceZr (AraitEdl s work)
tion at these high Ni contents, the larger bandwidth of Hf 80000 4 A MANHMNI5 (his work)
will have little effect only.

—

o]
b4
_

Again with reference to the calculated DOS curve of crys- ©,_¢ 60000 - A
talline ZrNis and a-Zr,sNigs,® it can be established that not 40000 ]
only the main features of the DOS curves depend on the Ni |
content but even many of the details of the DOS curve varia- 20000 -+ p
tion around the Fermi level are fairly independent of the 1 ,Q ]
atomic arrangements. This is in line with our previous 0—=R& T
report$>28 according to which the electrical transport prop- 88 89 90 Q1 92 93
erties(thermopower, electrical resistivity, and their tempera- (@) x (% Ni)
ture dependengere very similar for all the alloys investi-
gated here. 0] 5 TRb s

The above considerations about the DOS of Ni-rich o an Zr-Ni (Ref. 8)
(Zr,Hf)-Ni phases will form the basis for our subsequent “5 | O A e 2
discussion of the composition dependence of the magnetic ‘g 0
properties for these systems in the next section. 8

™~
g
B. Composition dependence of magnetic properties % 20 4
of (Zr,Hf)-Ni metastable phases around the PM-FM -
transition

In the framework of the itinerant electron model of 0 : <@ : = : .
Stoner, the onset of FM corresponds to an exchange splitting 88 89 90 91
of the spin-up and spin-down subbandsdedlectron bands. (b) X (0% Ni)

In this model the Curie point is proportional to the exchange
splitting and the difference between the number of the FIG.9. Mathon plots for the investigatédr, Hf) -Ni alloy sys-
spin-up and spin-dowd electrons in the two subbands each €M: (& Tc vs xyi and (b) 0%(0,0) vs xy;. Relevant data for the
filled up to energies below the Fermi level equals the ma _Cur_le t_emperature from Refs. 8 and 10 _and for the §att_Jrat|on_mag-
netic moment. A low Curie point corresponds to small split- netlzathn from Refs. 8 and 2_9 are glsq |ncludeq as indicated in the
ting and therefore the magnetic moment will also be small2PPropriate legends. The solid line indicates a fit to all hydata
This case is described by the Stoner-Edwards-Wohlfart see_Secs._III A and |l B) except theTc value of the bcc ribbon
(SEW) model* of VWIF of spatially homogeneous ferro- foNigy derived from the Arrott plotsymbol ).
magnets. Generally, Ni-based alloys around the critical condisorder, including also a chemical one, present in the alloy
centration of the PM-FM transition well obey this theory. We in comparison with the melt-quenched alloy where the
have successfully discussed the behavior of amorphoushemical interaction can effectively govern the chemical
Ni-P alloys'” in this framework. All this justifies the analysis short-range order. Therefore, in the sputtered alloy, regions
of experimental results on Zr-Ni alloys in Sec. lll on the with Ni contents much higher than the average matrix con-
basis of Arrott plots derived from the SEW model. This is centration and thus with higher Curie point can occur.
valid at least for our two amorphous Zr-Ni alloys for which  As far as the even highéF. value (235 K) reported by
very closeT. values were derived from the ac susceptibility Kaul® for a melt-quenchead-Zr;(Niq alloy is concerned, we
and low-field magnetization measurements as well as frongan only conclude that, although a detailed structural charac-
the Arrot plot whereas an overestimated Curie point resultegerization of that particular sample is not known, this ob-
from the Arrott plot for the spatially much less homogeneousserved Curie point value cannot be a characteristic of a ho-
bce-Ni(Zr) alloy. mogenous solution of Zr in Ni, either in amorphous or
It has been shovf?®that if the SEW model applies, then crystalline form. Apparently, thig value is close to those
the quantitieso?(0,0) and T as deducted from the Arrott we attributed to some residual phases in our ali@jsSec.
plots should be a linear function of the concentration of thelll A).
magnetic constituents. These so-called Mathon pldtsare On the other hand, Fig.(8 suggests that the amorphous
shown for the Zr-Ni alloys in Fig. @) (T(Z: vs Xy;i) and Fig.  Zr-Ni alloys studied in the present work can be considered
9(b) [0?(0,0) vs x\;] where also data from previous studies as a fairly homogeneous solid solution of Zr in Ni since they
are included. have a lowerT; than any of the previously investigated
For sputtered FM amorphous Zr-Ni alloys, Moetlall®  amorphous alloy&!° These latter as well as the bcc{Ei)
derived higher Curie temperatures than our data. A reason falloys are spatially much more heterogeneous.
the difference with respect to our results may be due to the According to Fig. 9a), the critical concentration of the
fact that in the case of sputtering, there may be a strongé?PM-FM transition in the (Zr,Hf)-Ni system is about
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89.5 at. % Ni. This is defined by the intercept of the thickor Hf and it is also insensitive to the actual atomic arrange-
solid line with the concentration axis, i.e., whefFg=0 K. ment, including the structurally disordered amorphous state,
This line was determined by linear fit to oWIC data for the  was explained on the basis of the electronic band structure of
two amorphous and the bcc Zr-Ni alloy by excluding, how-these early-late transition-metal alloys. The magnetically or-
ever, theT. value determined for the bcc alloy from the dered low-temperature state could be described by the behav-
Arrott plot. The dashed line in Fig.(8 based on the data of ior of spatially homogeneous very weak itinerant ferromag-
Morel et al1° would define a very similar critical Ni concen- nets(VWIF).
tration. Differences in the magnetic characteristics of the meta-
Although much less data are available for the saturatiorstable alloys investigated here could only be revealed when
magnetization at 0 KFig. 9b)] and also their uncertainty is analyzing in detail the magnetic contribution of regions more
fairly large, they still define a critical Ni concentration close rich in Ni than the alloy matrix itself. These magnetic inho-
to 89.5 at. % Ni. Here, the data point for the alloy studied bymogeneities form during the preparation process and their
Kaul® is again out of trend. amount was actually fairly small except for the bcgMig,
alloy prepared at the lowest quench rate. In previous studies
on melt-quenched and sputtered Zr-Ni amorphous alloys
V. SUMMARY much higher Curie temperatures have been observed than in
our alloys with the same Ni content and this finding could be
ascribed to larger amount of Ni-rich inhomogeneities in
hose previously investigated samples.

In the present paper, the magnetic properties of melt
quenched metastable Zr-Ni and Hf-Ni alloys with about
90 at. % Ni content were investigated in a wide range oft
ma_gn_etic fields and temperatures. It was deduced from the ACKNOWLEDGMENTS
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