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Available experimental data on the magnetic susceptibility of melt-quenched amorphous TE-TL alloys
�TE=Ti or Zr; TL=Ni or Cu� and the corresponding crystalline counterparts are reviewed. In order to analyze
the composition dependence of the magnetic susceptibility in these systems, the individual contributions
�element-resolved Langevin diamagnetic, Van Vleck and Pauli spin susceptibility, as well as the Landau
susceptibility� were determined directly by theoretical calculations for these TE-TL alloys in a face-centered-
cubic �fcc� structure. The total susceptibility, both experimental and calculated, was found to decrease with
increasing TL content up to about 60–70 at. %. This variation was mainly ascribed to corresponding changes
of the Van Vleck contribution and the spin susceptibility. The composition dependence of the latter term is in
line with the previously established trend of variation of the density of states at the Fermi level n�EF� upon
alloying. As in previous reports on electronic band-structure calculations, it turned out that to get agreement
with experiments on n�EF� in amorphous Zr-Ni alloys, at least some partial chemical ordering should be taken
into account. Available experimental data of crystalline stoichiometric Zr-Ni compounds beyond 70 at. % Ni
show a gradual increase of the Pauli susceptibility, indicating an approach toward the onset of ferromagnetic
order observed previously experimentally around 90 at. % Ni in amorphous Zr-Ni alloys. The susceptibility
calculations for fcc Ti-Ni and Zr-Ni alloys indicate a strong increase of the spin susceptibility component
above 70 at. % Ni, and the calculated Stoner enhancement for Zr10Ni90 fulfills the condition of ferromagnetism
in agreement with the experimental observation.

DOI: 10.1103/PhysRevB.76.184405 PACS number�s�: 75.30.Cr, 71.55.Jv, 75.40.Cx, 71.20.Be

I. INTRODUCTION

Alloys of early transition metals �TE� with late transition
metals �TL� such as, e.g., Zr-Ni or Ti-Cu can be prepared in
an amorphous state for a wide concentration range by melt
quenching and the physical properties of TE-TL metallic
glasses have been studied extensively. In a previous work,1

we have summarized experimental data on the low-
temperature specific heat and superconductive properties of
paramagnetic TE100−xTLx �20�x�70� amorphous alloys
with TE=Ti and Zr and TL=Ni and Cu. The electronic den-
sity of states �DOS� n�EF� at the Fermi level deduced from
the experimental data was found to decrease monotonically
with TL content x in this concentration range. The results of
theoretical band-structure calculations reported for the same
amorphous alloys in the literature2 were in good agreement
with the experimental values, concerning both the magnitude
of n�EF� and its composition dependence.

This composition dependence of n�EF� can be explained
in terms of the variation of the overall electronic DOS upon
alloying in these systems. It has been revealed by photoemis-
sion experiments and confirmed by theoretical band-structure
calculations2 that the Ni 3d and Cu 3d band peaks are posi-
tioned well below the Fermi level, while the Ti 3d and Zr 4d
bands are mostly centered at around or even slightly above
the Fermi level in these alloys. Consequently, in TE-TL alloy
systems, the electronic DOS at EF is usually dominated by
the TE d bands, and with increasing TL=Ni or Cu content
�up to about 70 at. % TL�, the TE contribution to n�EF� de-
creases because the relative positions of the TE and TL bands
remain mainly unchanged.

In the present paper, we analyze the composition depen-
dence of the magnetic susceptibility based on experimental
data reported in the literature for �Ti,Zr�-�Ni,Cu� amorphous
alloys and their crystalline counterparts. For this purpose,
theoretical calculations of the individual susceptibility con-
tributions �Langevin diamagnetic, Van Vleck, Landau, and
spin susceptibility� were performed for these binary TE-TL
alloys in a face-centered-cubic �fcc� structure. In general, the
orbital susceptibility contributions are not expected to de-
pend strongly on the local atomic structure. Furthermore, the
fcc structure can be considered as a good first approximation
of the local topology of the amorphous state in these
systems.1 This way, we could establish that the experimen-
tally observed linear decrease of the magnetic susceptibility
in these amorphous alloys up to about 60–70 at. % TL con-
tent arises primarily for two reasons. First, the TE elements
have a larger Van Vleck contribution and, second, the elec-
tronic density of states at the Fermi level n�EF� is also domi-
nated by these elements in most cases. At the same time,
both the Van Vleck and the spin susceptibility contributions
to the total susceptibility of the alloys evidently decrease
with increasing TL content, i.e., with decreasing TE content.
The composition dependence of the latter term �Pauli suscep-
tibility� is in line with the previously established trend1 of
n�EF� variation upon alloying in the TE-TL systems studied
here. Furthermore, available experimental magnetic suscep-
tibility data of crystalline stoichiometric Zr-Ni �and also Hf-
Ni� compounds beyond 70 at. % Ni indicate a gradual in-
crease of the Stoner enhancement of the Pauli susceptibility.
This enhancement results finally in the onset of ferromag-
netic order around 90 at. % Ni as was established recently
experimentally.3,4
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The paper is organized as follows. In Sec. II, the experi-
mental magnetic susceptibility data are summarized, and in
Sec. III, the magnetic susceptibility calculation method is
presented. In Secs. IV and V, the orbital and spin suscepti-
bility contributions are discussed, respectively. In Sec. VI,
the total calculated susceptibility is compared to the experi-
mental data. Section VII finally summarizes the main con-
clusions of the present work.

II. EXPERIMENTAL MAGNETIC SUSCEPTIBILITY DATA
FOR AMORPHOUS (Ti,Zr)-(Ni,Cu) ALLOYS AND

CRYSTALLINE Zr-Ni COMPOUNDS

Figure 1 summarizes experimental magnetic susceptibility
�expt data on melt-quenched amorphous paramagnetic TE-TL
alloy systems �Ti-Ni �Ref. 5�, Ti-Cu �Ref. 6�, Zr-Ni �Refs.
7–10�, and Zr-Cu �Refs. 8 and 11–15�� as a function of the
concentration x of the TL component �Ni or Cu�. We have
not included the data of Ref. 16 for a-Zr78Ni22, a-Zr64Ni36,
and a-Zr37Ni63 �227�10−6, 159�10−6, and 141
�10−6 emu/mol, respectively� since they are evidently
much larger than the rest of the reported data. Such large
susceptibility values are usually due to some amount of Ni
precipitates in the amorphous matrix. To a lesser extent, the
same applies for the �expt data for a-Zr67Ni33 in Ref. 11
��expt=128�10−6 emu/mol� and in Ref. 17 ��expt=127
�10−6 emu/mol� as well as for a-Zr47.5Ni52.5 in Ref. 18
��expt=100�10−6 and 108�10−6 emu/mol�; therefore, these
data will also not be taken into account when discussing the
composition dependence of �expt for the Zr-Ni system. For
the Zr-Cu system, only the data for a-Zr43Cu57 in Ref. 19
��expt=83�10−6 emu/mol� and for a-Zr40Cu60 in Ref. 20
��expt=40�10−6 emu/mol� deviate markedly from the main
trend of the experimental results and, therefore, they will be
omitted from the discussion.

According to Fig. 1, �expt decreases approximately lin-
early with the increase of the TL content for all four alloy
systems considered here.

In analyzing the �expt data, we shall proceed in a way
similar as was done for the discussion of the low-temperature
specific heat results for the same systems.1 Namely, when
attempting to fit the �expt data for the Zr-Ni and Zr-Cu sys-
tems by a straight line, a common value is assumed for the
magnetic susceptibility of hypothetical amorphous Zr �a-Zr�
for both systems. The solid and dashed line fits to the data in
Fig. 1 were determined under this constraint. The experimen-
tal results were then described by the equations

�expt = 158 − 1.66x �Zr-Cu� , �1a�

�expt = 158 − 1.23x �Zr-Ni� , �1b�

where the susceptibility is in units of 10−6 emu/mol, and x
gives the TL content in at. %. We can see that a common
value of �expt�a-Zr�=155�10−6 emu/mol for both the Zr-Cu
and Zr-Ni alloys provides a good fit of the available experi-
mental susceptibility data. Fitting separately the Zr-Cu and
Zr-Ni data gave very similar fit parameters and the fit quality
increased only slightly.

Although the number of available magnetic susceptibility
data is much less for the Ti-Cu and Ti-Ni alloy systems, we
could apply the same type of fit to these data as for the
Zr-based alloys. Constraining a common value of
�expt�a-Ti�=211�10−6 emu/mol for both the Ti-Cu and
Ti-Ni alloys leads to the following fit parameters for the
available experimental susceptibility data:

�expt = 211 − 1.73x �Ti-Cu� , �2a�

�expt = 211 − 1.54x �Ti-Ni� . �2b�

Amamou et al.21 reported magnetic susceptibility data for
a large number of stoichiometric crystalline ZrmNin com-
pounds. These are shown in Fig. 2 where, for comparison,
the fitted data for amorphous Zr-Ni alloys �solid line� accord-
ing to Eq. �1b� are also included. The susceptibility data for
crystalline stoichiometric Zr-Ni compounds with Ni contents
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FIG. 1. Composition dependence of the experimental room-
temperature magnetic susceptibility �expt for amorphous Ti-Ni, Ti-
Cu, Zr-Ni, and Zr-Cu alloys �for data sources, see text�. The straight
lines represent linear fits to the data as described in the text with fit
parameters given in Eqs. �1� and �2�.
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FIG. 2. Composition dependence of the experimental room-
temperature magnetic susceptibility �expt for crystalline stoichio-
metric ZrnNim intermetallic compounds ��, Ref. 21�. The average
experimental magnetic susceptibility for amorphous Zr-Ni alloys
from Fig. 1 is also indicated by the solid line.
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below 70 at. % are somewhat smaller than the values of the
corresponding amorphous alloys. The same behavior was ob-
served for the available electronic specific heat data.1 On the
other hand, the magnetic susceptibility data in Fig. 2 for the
crystalline Zr-Ni compounds above 70 at. % Ni show a steep
rise, again in agreement with electronic specific heat
behavior.1 The magnetic susceptibility of both amorphous7–9

and crystalline21 Zr-Ni alloys exhibits weak or negligible
temperature dependence up to 78 at. % Ni �crystalline phase
Zr2Ni7�. For the intermetallic compound ZrNi5 �83.3 at. %
Ni�, the magnetic susceptibility is much larger with its room-
temperature value of �expt�300 K�=247�10−6 emu/mol.21

For a nanocrystalline Hf11Ni89 alloy with the HfNi5 structure,
corresponding to a higher Ni content, an even larger suscep-
tibility, �expt�300 K�=360�10−6 emu/mol, was reported.4

Both latter alloys remained, however, Pauli paramagnetic
down to at least 5 K.4,21,22 Nevertheless, the magnitude of
the magnetic susceptibility of both alloys and the observed
temperature dependence of the susceptibility of the ZrNi5
compound21 strongly resemble the behavior of exchange
�Stoner� enhanced Pauli paramagnets such as Pd metal,23

the latter having a room-temperature susceptibility of
�expt�300 K�=552�10−6 emu/mol.

The susceptibility data beyond 70 at. % Ni in the Zr-Ni
�and Hf-Ni� system indicate the onset of spin fluctuations
and an approach to ferromagnetism. Indeed, Zr-Ni alloys
were found to exhibit spontaneous magnetic order above
about 89.5 at. % Ni �Refs. 3 and 4� in the form of very weak
itinerant ferromagnetism.

III. CALCULATION OF THE MAGNETIC
SUSCEPTIBILITIES

A. Theoretical framework for the calculation of the magnetic
susceptibility

To calculate the magnetic susceptibility, a combination of
linear response theory and the fully relativistic version of the
Green’s function technique was used following the work of
Staunton24 and Ebert and co-workers.25 The magnetic sus-
ceptibility includes spin and orbital parts which are coupled
due to the spin-orbit interaction25–27 and, therefore, they have
to be determined simultaneously. Within the approach de-
scribed in Refs. 24 and 25, the electronic Green’s function
GB�r ,r� ,E� of a paramagnetic solid in the presence of an
external magnetic field Bext can be represented in terms of
the field-free Green’s function G�r ,r� ,E� and a perturbation
�H by the Dyson equation

GB = G + G�HGB. �3�

In a linear approximation of perturbation theory, GB takes the
form

GB = G + G�HG . �4�

In the present work, the field-free Green’s function
G�r ,r� ,E� describing the electronic structure of an alloy
ground state was calculated within the relativistic Korringa-
Kohn-Rostoker band-structure method in connection with
the coherent potential approximation alloy theory. This

scheme supplies individual information about the electronic
structure of all components of an alloy. The local density of
states �DOS� of valence electrons for an alloy component, for
instance, is determined through the integral over the Wigner-
Seitz cell �� of a Green’s function G�r ,r� ,E�:

n��E� = −
1

�
Im �

��

G�r,r,E�d3r . �5�

Also, the knowledge of the field-free Green’s function allows
one to express the change of the expectation value �A� of
any operator induced by an external magnetic field Bext by
the following expression:

��A�� = −
1

�
Tr Im �EF

dE�
��

d3r�
�
�

��

d3r�AG�HG .

�6�

In our case, we deal with the induced spin and orbital mag-
netic moments which, when divided by the value of the ex-
ternal magnetic field Bext, will give us the spin and orbital
magnetic susceptibilities. The perturbation �H in Eqs. �3�
and �4� represents the coupling of the spin and orbital motion
to the external magnetic field:

�H = �Hspin + �Horb. �7�

The spin perturbation �Hspin includes the Zeeman term as
well as a term �Hspin

xc representing the modified electron-
electron interaction due to the induced magnetization:

�Hspin�r� = �	z
BBext + �Hspin
xc �r� . �8�

Here, � is one of the standard Dirac matrices and 	z is the z
component of the Pauli spin operator.25 The first term in Eq.
�8� gives rise, according to Eq. �6�, to the so-called unen-
hanced Pauli spin susceptibility. The second term, the so-
called feedback term, is given within spin-density functional
theory by the change in the spin-dependent exchange-
correlation potential due to the spin magnetization:28,29

�Hspin
xc �r� = �	zKspin

xc��r����r��spin
� 
BBext. �9�

It was assumed in this equation that under a small pertur-
bation, �Hspin

xc �r� depends linearly on the induced spin mag-
netization mspin

� �r�=���r��spin
� Bext, with ���r� denoting the

normalized spin density, �spin
� is the local spin susceptibility

for site �, and Kspin
xc ��r� is the corresponding interaction

kernel.28 To make use of the expression given in Eq. �9�, first
of all, one has to determine the unknown local susceptibility
�spin

� .
For a one-component system, within a nonrelativistic

treatment �when the Pauli spin susceptibility only contributes
to the spin susceptibility �spin�, the spin susceptibility is
given by the well-known expression

�spin = S�spin
0 =

1

1 − In�EF�
�spin

0 , �10�

where �spin
0 =
B

2n�EF� is the unenhanced Pauli spin suscepti-
bility, I denotes the Stoner exchange-correlation integral, and
S is the Stoner enhancement factor.
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In the case of a one-component system, the Stoner
exchange-correlation integral is determined by the local
charge density and induced spin magnetic moment �through
Kspin

xc �r� and ��r� in Eq. �9��. However, in the case of an alloy
system, the induced spin magnetic moments mspin

� �r� of the
alloy components � have to be considered separately. The
value of the induced spin magnetic moment of a component
� in this case is determined not only by its local unenhanced
magnetic susceptibility and local Stoner enhancement factor
�as in the case of one-component system�. According to Eqs.
�6� and �8�, the induced spin magnetic moment of the alloy
component � creates an additional contribution to the mag-
netic moment of the component � �see the Appendix, Eqs.
�A1� and �A2��. This coupling of the induced spin magnetic
moments m� and m� on different sites gives rise to an inter-
component cross term for the magnetic susceptibility ���

0

�Eq. �A4��, leading to a corresponding coupling of the partial
magnetic susceptibilities of the different alloy components
�Eq. �A3��. For that reason, the element-projected magnetic
susceptibility in an alloy has to be determined from the so-
lution of a system of equations for the coupled magnetic
susceptibilities of all alloy components. As a result, the ef-
fective enhancement factor for the spin susceptibility of each
alloy component, obtained from the solution of system of
equations, is determined not only by the Stoner exchange-
correlation factors of the corresponding alloy component but
also by the enhancement through the intercomponent inter-
action �see the Appendix�. Below, we will discuss this effect
for the �Ti, Zr�-�Cu.Ni� alloys.

The total orbital susceptibility �o
tot includes three compo-

nents: diamagnetic Langevin susceptibility �dia, Landau sus-
ceptibility �L, and paramagnetic Van Vleck susceptibility
�orb:

�o
tot = �dia + �L + �orb. �11�

First, let us discuss the Van Vleck susceptibility. It is caused
by a perturbation �Horb that can be split, in analogy to Eq.
�8�, into two terms:

�Horb = �Iz
BBext + �Horb
xc . �12�

Here, lz is the z component of the orbital angular momentum
operator and �Horb

xc is approximated here by the so-called
Brooks’ orbital polarization term31 describing the Stoner-like
enhancement of the orbital susceptibility. It depends linearly
on the local orbital susceptibility �orb

� .
Within a nonrelativistic formalism, the spin and orbital

degrees of freedom in paramagnetic systems are completely
decoupled. However, as was pointed out by Yasui and
Shimizu,27 the presence of a spin-orbit coupling leads to a
coupling of induced spin and orbital magnetic moments and
creates the additional terms of magnetic susceptibility, �so
and �os.

25,27 Due to these terms, a coupling of an external
field to the orbital �spin� degree of the electrons gives rise to
an induced spin �orbital� magnetization. Thus, in the general
case, the local susceptibilities �s

� and �o
� of complex systems

have to be found from the solution of a system of linear
equations derived from the perturbative expressions of the

induced spin and orbital magnetic moments. The spin and
orbital susceptibilities are represented in this case by two
terms:

�s = �spin + �so,

�̃orb = �orb + �os. �13�

Here, the total spin susceptibility is denoted by �s, whereas
the term �spin corresponds to the spin susceptibility in Eq.
�10� which arises from the �Stoner-enhanced� Pauli suscepti-
bility �P and it is due to the spin source term �Hspin. The
orbital susceptibility denoted by �orb �also called Van Vleck
susceptibility �VV� arises due to the orbital source term
�Horb. In the following discussion in the next paragraphs,
we will use the notation �VV for the orbital susceptibility
term �̃orb to stress its leading role among the orbital suscep-
tibility contributions and to distinguish it from the orbital
Langevin and Landau susceptibilities. The cross terms �so
and �os, on the other hand, stem from the terms �Horb and
�Hspin, respectively.

To study the magnetic susceptibility of disordered alloys,
one has to deal with the configurational averages for expres-
sions of the type �AGBG�, with A and B being arbitrary
operators. The problem of calculating these averages has
been discussed by Staunton24 �when A, B=�	z� and Butler30

�when A, B= j, i.e., the current density operator�. For the
application below, it turned out that the approximation
�AGBG�	�AG��BG� is well justified.

As was already mentioned above �see Eq. �11��, the Van
Vleck orbital susceptibility �VV has to be complemented by
the corresponding diamagnetic Langevin susceptibility and
Landau susceptibility, �L and �dia, respectively. These latter
two terms have been evaluated by a relativistic formulation
of the expressions given by Benkowitsch and Winter.26 From
the work of these authors, it turned out that whereas one
always has �VV�0 and �dia0, for transition metals, �L
may be either positive or negative and may be of the same
order of magnitude as �dia �the Landau result �L=−�P /3 is
valid for a free-electron gas only32�. Furthermore, it was
found26 that since all occupied electronic states within the
Wigner-Seitz cell must be included when accounting for �dia,
this term contains contributions not only from core electrons
but also from valence electrons:

�dia = �dia,core + �dia,val. �14�

Finally, the total susceptibility �tot to be compared with
the experimental data can be written as

�tot = �s + �o
tot = �spin + �so + �VV + �os + �L + �dia. �15�

B. Application to (Ti,Zr)-(Ni,Cu) alloys

The calculation of the magnetic susceptibility contribu-
tions for the �Ti,Zr�-�Ni,Cu� alloys was performed by assum-
ing an fcc crystal structure. The lattice parameter was chosen
to give the same atomic volume as reported for the corre-
sponding amorphous alloy composition.33 Both electronic
structure1 and atomic volume33 data indicate that the fcc lat-
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tice is a good first approximation for the local atomic struc-
ture in TE-TL type metallic glasses. High-speed structural
transformation studies by x-ray diffraction on an amorphous
Zr67Ni33 alloy34 also demonstrated that the very first crystal-
lized phase appearing is the fcc-Zr2Ni structure. The high
�usually 12 or more� first neighbor coordination number of
these glasses and the highly isotropic character of the fcc
arrangement further support the use of an fcc structure for
approximating the amorphous state. The same arguments
were applied to justify the choice of an fcc structure also in
previous band-structure calculations for TE-TL glasses.35,36

Whereas the orbital susceptibility contributions are not influ-
enced in an appreciable way by the atomic arrangements
anyway, the crystal structure does strongly affect the elec-
tronic DOS curve and, thus, via n�EF� also the spin �Pauli�
susceptibility. This was demonstrated by band-structure cal-
culations, e.g., for the different structural modifications of Ti,
Zr, and Hf metals.37 On the other hand, due to the similarity
of the atomic arrangements of the amorphous and fcc struc-
tures, the DOS curves are also very similar for the two cases
with the only difference that the DOS curve of the amor-
phous state will be a “smeared-out” version of the fcc
counterpart.38 This behavior can be observed, indeed, if we
compare the calculated DOS curves for fcc-Ni and liquid
Ni,39 for fcc-Zr,37 liquid Zr,39 and amorphous Zr,40 as well as
for fcc-Cu and liquid Cu.41

It was also assumed for our calculations that there is no
chemical short-range order �CSRO� in the alloys investi-
gated, i.e., the chemical environment of the first neighbor
shell of each atom reflects the average alloy composition. An
analysis of the composition dependence of atomic volumes
of metallic glasses revealed33 that the amorphous Ti-Cu and
Zr-Cu alloys exhibit an ideal solid solution behavior, hinting
at the lack of chemical ordering. In contrast, the atomic vol-
ume data33 suggested a deviation from the ideal solid solu-
tion behavior for the Zr-Ni glassy alloys, indicating the pres-
ence of a CSRO. In line with these observations, the absence
of CSRO was confirmed by theoretical calculations42 for
amorphous Zr-Cu alloys with 33, 50, and 66 at. % Cu based
on a structural model using a Bethe lattice in which every
atom is located in an fcc environment. On the other hand, for
the same composition range of amorphous Zr-Ni alloys, it
was concluded42 that there is a CSRO with preferential un-
like first neighborhood which gradually increases with in-
creasing Ni content. Previous diffraction experiments43 simi-
larly indicated an increase of the CSRO for amorphous Zr-Ni
alloys, and even the quantitative agreement of the calculated
and experimental CSRO parameters was fairly good. The
development of a CSRO in amorphous TE-Ni alloys was
also confirmed by molecular dynamic simulations.44

It follows from the above considerations that the assump-
tion of an fcc structure without CSRO will certainly be a
good approximation for the present susceptibility calcula-
tions for the amorphous Ti-Cu and Zr-Cu alloys, but this
approach may not be able to properly account for every as-
pect of the amorphous Ti-Ni and Zr-Ni alloys, especially
around and above 50 at. % due to the neglect of CSRO. For
this reason, some attempts will be made at least for the Zr-Ni
alloys system to take into account the influence of partial
chemical ordering.

IV. ORBITAL SUSCEPTIBILITY CONTRIBUTIONS

A. Results for the orbital susceptibilities

The diamagnetic susceptibility �dia was calculated by
Banhart et al.45 for pure metals with Z�49. The values of
�dia derived in the way described above were found to differ
from the free-atom and free-ion susceptibilities,46 in some
cases by as much as 20�10−6 emu/mol. The calculated �dia
values of Banhart et al.45 are −23�10−6 emu/mol for fcc-Ti,
−36�10−6 emu/mol for bcc-Zr, −19�10−6 emu/mol for
fcc-Ni, and −19�10−6 emu/mol for fcc-Cu. It was shown
for the Cu-Rh alloy system45 that although �dia varies slightly
with composition in a linear manner, its value in a binary
alloy may be taken as a composition-weighted average of the
pure metal values.

The results of our calculations for �dia are summarized in
Fig. 3. In agreement with previous results,45 the element-
resolved susceptibility contribution �dia shows a small linear
change with composition for all four alloy systems. The con-
tribution of a given type of atoms depends only very weakly
on the kind of the other alloy component. The calculated
pure Ti, Zr, Ni, and Cu metal values reproduce very well the
earlier results of Banhart et al.45

The calculated Landau susceptibility ��L� values are pre-
sented in Fig. 4, showing a strong composition dependence

0 20 40 60
at. % Cu

-40

-30

-20

-10

0

χ
(1

0-6
em

u/
m

ol
)

Ti in Ti-Cu
Cu in Ti-Cu
Zr in Zr-Cu
Cu in Zr-Cu

40 60
at. % Ni

-40

-35

-30

-25

-20

-15

-10

-5

0

χ
(1

0-6
em

u/
m

ol
)

Zr in Zr-Ni
Ni in Zr-Ni
Ti in Ti-Ni
Ni in Ti-Ni

(a)

(b)

FIG. 3. Calculated diamagnetic susceptibility �dia for �a� fcc
Ti-Cu and fcc Zr-Cu alloys as a function of the Cu content and �b�
fcc Ti-Ni and fcc Zr-Ni alloys as a function of the Ni content.
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on the TE-rich side, especially for TE=Zr, and approaching
zero at around the equiatomic composition for all alloy sys-
tems. It is also seen that �L can indeed be positive and com-
parable in magnitude to �dia of the pure TE elements.

The element-resolved calculated Van Vleck susceptibili-
ties �VV including here also the term �dia are shown in Fig.
5�a� for the Ti-Cu and Zr-Cu systems. The �VV contribution
of the constituent elements changes only little with Cu con-
tent. The �VV value is much larger for the TE elements due
to the partially filled d bands than for Cu having practically
completely filled d bands. The value of �VV�Cu� is approxi-
mately the same for the Ti-Cu and Zr-Cu systems, and this
indicates a good consistency of our calculated data. Its mag-
nitude is about 20�10−6 emu/mol and slightly decreases
with increasing Cu content. Concerning the TE contribution
to the Van Vleck susceptibility, for the concentrations of in-
terest, we can see that �VV�Ti�
90�10−6 emu/mol and
�VV�Zr�
60�10−6 emu/mol.

Figure 5�b� shows the Van Vleck susceptibility contribu-
tions including also the term �os for the Ti-Ni and Zr-Ni alloy
components. As for the Cu-based alloys above, the TE con-
tributions remain fairly constant with alloy composition at
nearly the same values, also here with �VV�Ti���VV�Zr�.
On the other hand, in both Ni-based alloys, the Ni contribu-
tion is comparable to or even larger than the TE contribution
and shows a clear decrease with increasing Ni content; fur-
thermore, its value depends to some extent on the alloying
partner �Ti or Zr�.

The composition dependence of the resulting total Van
Vleck susceptibility including also the �so term is shown in
Fig. 5�c� for the four alloy systems. Due to the differences in
the composition dependences of the Cu and Ni contributions,
the Van Vleck susceptibility shows a decrease for both Cu
alloys with increasing Cu content, whereas it exhibits a shal-
low maximum somewhat below the equiatomic composition
as a function of the Ni content. With reference to Fig. 4, we
can see from Fig. 5�c� that in comparison with the alloy Van
Vleck susceptibility, the Landau term can be neglected for
TL compositions above about 50 at. % only.

Finally, we give some figures to illustrate the relative im-
portance of the susceptibility corrections due to the spin-

orbit coupling. For the equiatomic Zr-Ni alloy, we calculated
�so=2.7�10−6 emu/mol and �os=6.0�10−6 emu/mol.
These values should be compared to the corresponding sus-
ceptibility values �s=76�10−6 emu/mol and �VV=60
�10−6 emu/mol, respectively. For the spin susceptibility, the
correction is fairly small �abut 4%�, whereas it is already
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FIG. 5. Calculated Van Vleck susceptibility �VV for the four
alloy systems as a function of the Cu or Ni content: �a� element-
resolved �VV for fcc Ti-Cu and fcc Zr-Cu alloys, �b� element-
resolved �VV for fcc Ti-Ni and fcc Zr-Ni alloys, and �c� comparison
of the alloy Van Vleck susceptibility for the four systems. It should
be noted that the �VV values displayed in these graphs include also
the spin-orbit coupling term �OS.
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more sizable �10%� for the orbital contribution.

B. Corrections for the orbital susceptibilities

In order to extract from the experimental data the suscep-
tibility contribution related to the Fermi-level DOS, the mea-
sured total susceptibility should be corrected for the orbital
terms. This procedure has been applied for several amor-
phous TE-TL alloy systems.8,10,15,47–49 According to Eq. �15�,
this requires a knowledge of at least �VV, �L, and �dia.

It was discussed in the previous section that the diamag-
netic correction for metallic systems requires the use of �dia
values calculated according to its definition given in Ref. 26
and this is adopted also here by using the values calculated
by Banhart et al.45 The Landau susceptibility has usually
been neglected; however, according to our calculated results
presented above, this seems to be justified for TE-TL alloys
in certain concentration ranges only �e.g., for TL contents
above about 50 at. % in the alloys studied here�. We have
also shown that �L is positive and can have quite a signifi-
cant magnitude for pure TE metals �Fig. 4�. The major con-
tribution among the orbital terms is definitely the Van Vleck
susceptibility that may even dominate the total susceptibility
for the TE-TL alloys due to the roughly half-filled d shells of
the TE metals. We have provided data for the �VV term re-
solved for the constituent elements. The following consider-
ations are meant to demonstrate the reliability of our calcu-
lated �VV values for the TE metals in their elemental form
and, hence, indirectly also for the alloys investigated.

Since quite often the sum of the Van Vleck and the Lan-
dau susceptibilities has been used for correcting experimen-
tal data when attempting to extract the Pauli susceptibility,
we have made an analysis of the �VV and �L terms for pure
Ti and Zr metals, where the �L term gives a significant
contribution.

As Table I shows, our calculated values of the sum �VV
+�L compare very well with a previous estimate37 for the

different structural modifications of Ti and Zr metals. This
hints again for the reliability of our calculated data. We can
also see that �VV+�L is roughly the same �within 10%� for
the three isoelectronic metals, Ti, Zr, and Hf.

It should be noted that by analyzing magnetic susceptibil-
ity and NMR Knight shift data, Eifert et al.15 deduced �VV
= �125±10��10−6 emu/mol for Zr-Cu metallic glasses with
compositions ranging from 28 to 62 at. % Cu. This is about
twice the value calculated here but in view of the quite dif-
ferent approach, the difference is understandable.

Following the early work of Place and Rhodes,50 �VV�Cu�
and �VV�Ni� have usually been assumed to take the values of
0 and 50�10−6 emu/mol, respectively. Our above results
indicate that in these TE-TL alloys, the Van Vleck contribu-
tion of Cu is not negligible and that of Ni is nearly twice the
value commonly used for correction.

It should also be noted in connection with the orbital sus-
ceptibility corrections that whereas the �dia term changes
fairly linearly with composition, the �L term may be strongly
composition dependent. Also, the element-resolved as well
as the total �VV contribution is not always constant, but it
may be composition dependent as we have seen here for the
case of Ni.

V. SPIN SUSCEPTIBILITY

A. Electronic density of states n„EF… at the Fermi level

In order to get the spin susceptibility via Eq. �10�, we
should calculate n�EF�. First, we discuss results for the fcc-Ti
and fcc-Zr metals. By taking the constraint that the average
atomic volume be equal for the fcc and hcp phases �Vfcc

=Vhcp� and using experimental atomic volumes for the hcp
phases,33 the fcc lattice parameters assumed for our calcula-
tions were 0.4135 nm �Ti� and 0.4533 nm �Zr�. With these
lattice constants, we calculated n�EF�=1.60 states/eV atom
for fcc-Ti and 1.30 states/eV atom for fcc-Zr. The results of
former calculations for fcc-Ti are 1.59 states/eV atom �afcc
=0.4001 nm �Ref. 51��, 1.82 states/eV atom �afcc
=0.4096 nm �Ref. 52��, 1.84 states/eV atom �afcc
=0.4006 nm �Ref. 53��, and 1.76 states/eV atom �afcc
=0.4135 nm �Ref. 37��. The results of former calculations for
fcc-Zr are 1.28 states/eV atom �afcc=0.4403 nm �Ref. 51��,
1.55 states/eV atom �afcc=0.4675 nm �Ref. 53��, and
1.55 states/eV atom �afcc=0.4533 nm �Ref. 54��. Looking at
these data sets, we can see that the average n�EF� values for
fcc-Ti and fcc-Zr are about 1.7 and 1.4 states/eV atom, re-
spectively. Although the scatter of calculated n�EF� values
�about ±0.1 states/eV atom� is relatively high when compar-
ing the results of different calculations for a given metal, the
difference �0.3 states/eV atom� between the averages for
fcc-Ti and fcc-Zr is very well reproduced in those works in
which calculations were performed for both metals. We can
thus establish that our current results are in accordance with
previous work. It should be noted that the lower n�EF� value
for fcc-Zr is due to the broadening of the d bands with in-
creasing atomic number.

The results of element-resolved n�EF� calculations for the
fcc Ti-Cu and fcc Zr-Cu alloys are shown in Fig. 6 where the

TABLE I. Sum of the Van Vleck and Landau susceptibilities,
�VV+�L, for the different structural modifications of Ti, Zr, and Hf
metals. The data for the �, �, and � phases are estimates from Ref.
37 obtained from previously reported experimental values by cor-
recting for �dia and �spin �the two values for the � phase of Ti and Zr
refer to two different experimental susceptibility values�. The
brackets � � indicate an average of the estimated values over the
three different existing crystal structures. The last row gives the
values calculated in the present work for the hypothetical fcc phase.

TE metal phase

�VV+�L

�10−6 emu/mol�

Ti Zr Hf

� �hex� 99 94 90

� �hcp� 119 102 91

� �bcc� 96 118 82

66 113

�� ,� ,�� �90� �107� �88�
fcc 95. 2 100. 5
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composition dependence of the total n�EF� is also displayed.
The thick solid lines indicate the experimental n�EF� values
as deduced from electronic specific heat and superconducting
data.1 Several works2 have been devoted to electronic band-
structure calculations on amorphous Ti-Cu and Zr-Cu alloys,
the results of which were summarized in Figs. 9 and 10 of
Ref. 1. All these data show a decrease of n�EF� with increas-
ing Cu content and, apart from one set of results, fall below
the experimental data, the difference being for some calcu-
lated results as much as 0.3 states/eV atom. From the previ-
ous calculated n�EF� data, we included only those which
were reported by Nguyen Manh et al.42,55,56 in Fig. 6 as these
are the closest to the experimental data.

As Fig. 7 shows, up to about 60–70 at. % TL content, the
behavior of �Ti,Zr�-Ni alloys is very similar to that of the
�Ti,Zr�-Cu alloys, i.e., a decrease of n�EF� with increasing Ni
content occurs. In the Ti-Ni system, the only available cal-
culated value from the literature �a−Ti40Ni60:n�EF�
=1.4 states/eV atom �Ref. 58�� and our calculated results for

n�EF� values match very well the experimental data obtained
as a lower limit1 �Fig. 7�a��. From the results of previous
electronic band-structure calculations on amorphous Zr-Ni
alloys, which were summarized in Fig. 11 of Ref. 1, we have
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FIG. 6. Element-resolved and total calculated electronic density
of states n�EF� at the Fermi level for fcc �a� Ti-Cu and �b� Zr-Cu
alloys as a function of the Cu content. The experimental values
�thick solid lines� deduced from electronic specific heat and super-
conducting data on amorphous Ti-Cu and Zr-Cu alloys �Ref. 1� and
some results �symbols �� of theoretical band-structure calculations
on amorphous Ti-Cu �Ref. 55� and Zr-Cu �Refs. 42, 55, and 56�
alloys are also included.

FIG. 7. Calculated element-resolved and total density of states
n�EF� at the Fermi level for fcc �a� Ti-Ni and �b� Zr-Ni alloys as a
function of the Ni content. The theoretical results for partially or-
dered alloys ��b�, gray diamonds� as well as the experimental values
�thick solid lines� deduced from electronic specific heat and super-
conducting data on amorphous Ti-Ni and Zr-Ni alloys �Ref. 1� and
some results �symbols � �Ref. 42�, � �Ref. 57�, and � �Ref. 58�� of
theoretical band-structure calculations on amorphous Zr-Ni alloys
are also included. �c� The element-projected and total density of
states of Zr-Ni alloys in the fully disordered fcc structure �filled
symbols� and for the partially ordered state with the Cu3Au struc-
ture �open symbols�.
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selected the data of those studies only42,57,58 which cover a
significant composition range and fall fairly close to the ex-
perimental data. In these calculations, the CSRO was prop-
erly taken into account. In those studies42,59 where a com-
parison was made between results calculated for structures
with minimum-energy CSRO and complete chemical disor-
der, the latter case yielded significantly larger calculated
n�EF� values.

A comparison of our calculated values with the results of
former calculations and the experimental data shows that the
results of our calculations for �Ti,Zr�-�Ni,Cu� represent well
the overall trend of the compositional dependence of n�EF�
in these systems. Nevertheless, there is a slight quantitative
difference between our calculated total n�EF� and the corre-
sponding experimental data in most cases. This difference
may be partly attributed to the different atomic arrangements
and partly to the neglect of CSRO in our calculations.

In order to show the effects of ordering on the density of
states, we also performed calculations for the so-called par-
tially ordered alloys in the Zr-Ni system. Within such calcu-
lations, one can simulate different arrangements of alloy
components. The calculations have been performed for two
different structures: �i� for a CuAu structure �in the concen-
tration region around 50 at. % Ni� with full occupation of
one sublattice by the element with dominating concentration,
while the second sublattice is occupied by the remaining
atoms randomly, and �ii� for a Cu3Au structure with the Au
sublattice always occupied by Ni atoms and the Cu sublattice
by the rest of the atoms. The corresponding total DOS at EF
is shown in Fig. 7�b� by differently patterned diamonds. The
data we calculated for the partially ordered alloys come very
close to the value of the total DOS at the Fermi level of fully
disordered alloys when approaching either the Zr-rich or the
Ni-rich end of the system. However, the discrepancy be-
tween the values of n�EF� for disordered and partially or-
dered alloys is fairly large for intermediate concentrations,
whereas our values for the partially ordered CuAu state
match fairly well the calculated data from the literature �Fig.
7�b��. As we can see in Fig. 7�c�, for the disordered state,
nZr�EF�nNi�EF� for the whole concentration range, whereas
for the partially ordered state �both for the CuAu and the
Cu3Au structures�, we have the opposite situation for inter-
mediate concentrations. The latter finding is in agreement
with the results of former band calculations42,57,58 where the
CSRO was properly taken into account. Thus, one can con-
clude that the surroundings of the atoms of alloy components
can substantially influence their density of states, especially
at Ni concentrations from 40 to 70 at. % Ni. For this reason,
a proper consideration of the CSRO is important to achieve a
quantitative agreement between the theoretical and experi-
mental values of n�EF� and �.

The data for the Ti-Ni and Zr-Ni systems �Fig. 7� indicate
that beyond about 60–70 at. % Ni content, the total n�EF�
increases because the Ni d band contribution to the density of
states at EF starts to increase, whereas that of Ti and Zr
rapidly decreases here. For compositions around Zr90Ni10, no
former calculation has been reported and, as Fig. 7�b� indi-
cates, the total n�EF� value obtained here for the paramag-
netic state is already fairly high, leading finally to the appear-

ance of ferromagnetism at this composition as we shall see
later.

B. Exchange integral I and Stoner enhancement S

According to Eq. �10�, the determination of the spin sus-
ceptibility also requires the knowledge of the exchange inte-
gral I. Our calculated values of I for fcc-Ti and fcc-Zr are
0.330 and 0.305 eV, respectively. Former calculations
yielded I=0.302 eV,37 0.339 eV,51 and 0.290 eV �Ref. 53�
for fcc-Ti and I=0.270 eV,37 0.305 eV,51 and 0.245 eV �Ref.
53� for fcc-Zr. This parameter is not expected to depend
sensitively on the atomic volume and was found not to vary
significantly with crystal structure for these elements.37 Our
results are also well in line with previously calculated data.
The exchange integral is smaller for fcc-Ti than for fcc-Zr,
and this difference is again due to the higher atomic number
of the latter metal.

The calculated effective I values for the four alloy sys-
tems are presented in Figs. 8 and 9. According to the discus-
sion in the Appendix, it can be found from the values of the
total enhanced and unenhanced spin susceptibilities of al-
loys. The element-projected exchange-correlation integrals I�
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FIG. 8. Element-resolved and total calculated exchange integral
I for fcc �a� Ti-Cu and �b� Zr-Cu alloys as a function of the Cu
content. The I value for pure fcc-Cu ��� is taken from Ref. 51. The
values introduced as circles ��� represent approximations for I by
using Eq. �16�.
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are calculated under conditions when the intercomponent
contributions to the element-projected susceptibility �con-
nected with ���� are neglected. As seen in Figs. 8 and 9, the
element-projected exchange-correlation integrals I� ��=Ti,
Zr, Cu, or Ni� vary monotonically with alloy content.

In lack of a direct calculation of I for alloys, some as-
sumption has usually been made previously in order to get an
appropriate alloy average value by using the I values of the
constituent metals. Bose et al.36 suggested the following for-
mula for estimating the exchange integral IA-B for an alloy
A-B:

IA−B = cA�nA�EF�
n�EF� �2

IA + cB�nB�EF�
n�EF� �2

IB, �16�

where cA and cB denote fractional compositions, IA and IB are
the exchange integrals of the constituent pure metals, and
nA,B�EF� and n�EF� represent the element-resolved and total
density of states at the Fermi level. By using the calculated
partial density of states at the Fermi level �Figs. 6 and 7�, we
determined these approximate IA-B values for all four alloy
systems and represented them in Figs. 8 and 9 by the sym-
bols �. We can see that in most cases, Eq. �16� indeed pro-

vides a good approximation for the average I value in an
alloy.

The enhancement of the spin susceptibility due to
exchange-correlation effects is characterized by the Stoner
enhancement factor S �Fig. 10�, which is composed of n�EF�
and I �see Eq. �10��. By considering the composition depen-
dence of the density of states and the exchange integral, we
can see that, due to the slight variation of I only, the change
of the effective S is mainly determined by the compositional
variation of n�EF�. Since the latter quantity decreases with
increasing TL content �Cu or Ni� up to about 60–70 at. %
TL, this is reflected in the composition dependence of S as
well. However, for higher Ni contents in Ti-Ni and Zr-Ni
alloys, there is a steep rise of S as the system approaches the
critical concentration for the onset of ferromagnetism around
90 at. % Ni.

VI. COMPARISON OF CALCULATED AND
EXPERIMENTAL SUSCEPTIBILITIES

The calculated element-resolved and total spin suscepti-
bilities are shown in Figs. 11 and 12 for the four alloy sys-
tems. In line with the decrease of n�EF� and the weak com-
position dependence of I, the calculated �spin susceptibility
shows a decrease with increasing Cu or Ni content up to
about 60–70 at. % TL. Among the element-specific suscep-
tibilities, the spin susceptibility of Ni in the Zr-Ni alloys
shows the strongest composition dependence. This effect is
connected with the correlations between the induced spin
densities of different alloy components i and j as has already
been discussed above.

In Figs. 11 and 12, the total calculated susceptibilities
��total� are also displayed together with the experimental sus-
ceptibility values from Fig. 1 �thick solid lines�. The quali-
tative variation of �total and �expt agrees very well. However,
the calculated values are somewhat smaller than the experi-
mental ones for the Cu-based alloys, whereas the situation is
just the opposite for the Ni-based alloys. With reference to
Figs. 6 and 7, the difference between the calculated total and
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FIG. 9. Element-resolved and total calculated exchange integral
I for fcc �a� Ti-Ni and �b� Zr-Ni alloys as a function of the Ni
content. The I value for pure fcc-Ni ��� is taken from Ref. 51. The
values introduced as circles ��� represent approximations for I by
using Eq. �16�.

FIG. 10. Effective Stoner enhancement parameter S calculated
for fcc Ti-Cu, Zr-Cu, Ti-Ni, and Zr-Ni alloys on the basis of Eq.
�10� by using the calculated n�EF� and I values.
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the experimental susceptibilities for a given alloy system re-
flects the deviation between the calculated and experimental
n�EF� values.

Finally, we will make some notes on the Zr-Ni system
partly because it behaves somewhat differently from the
other alloy systems and partly also because in this system we
have both calculated and experimental results for 90 at. % Ni
where ferromagnetism appears.

One common feature of all TE-TL systems studied here is
that the TE contribution to the total n�EF� is larger than the
TL contribution up to about 70 at. % TL content except for
the Zr-Ni system for which the reverse was obtained from
our calculations for the fully disordered state. In former
band-structure calculations of these TE-TL alloys when
properly accounting for the CSRO, the Zr-Ni system did not
behave differently in this respect. With reference to our at-
tempts to account for some partial ordering in the Zr-Ni sys-
tem �see Figs. 7�b� and 7�c��, this might give an explanation
for our different result for Zr-Ni. In addition to n�EF�, we
compare in Fig. 13 also the enhanced spin susceptibility ob-
tained in our calculations, with the data derived from the
experiment and from the calculations with CSRO taken into
account.58 Experimental spin susceptibility was evaluated in

two ways: �i� by correcting the experimental total suscepti-
bility for the calculated orbital susceptibilities and �ii� deriv-
ing from the experimental n�EF� using the Stoner enhance-
ment obtained in our calculations. In a similar way, we also
evaluated another enhanced spin susceptibility which is
based on the results of calculations accounting for CSRO.58

These latter results are in agreement with experiment as was
also the case for n�EF� in Fig. 7�b�. If we accept that the �spin

values derived from the experimental and theoretical litera-
ture n�EF� data are the correct ones, the �spin values derived
by the use of our calculated total orbital susceptibility �thick
solid lines in Fig. 13� are too small which may indicate that
the latter quantity is apparently somewhat overestimated. On
the other hand, the �spin values obtained directly in the
present calculations appear as overestimated, evidently due
to the too large n�EF� values for the chemically fully disor-
dered state �using a CuAu-type structure with partial order-
ing improved our calculated n�EF� values as was shown in
Fig. 7�b� and so would be also with our directly calculated
�spin values�.

Another point to note is that, due to hybridization effects,
the spin susceptibility of Zr decreases with the increase of Ni
concentration and changes sign around 80 at. % Ni. A further
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FIG. 11. Calculated element-resolved and total spin susceptibil-
ity �spin as well as total susceptibility �total for �a� fcc Ti-Cu alloys
and �b� fcc Zr-Cu alloys as a function of the Cu content. The thick
solid lines represent the average experimental susceptibility for the
corresponding amorphous alloys from Fig. 1.

FIG. 12. Calculated element-resolved and total spin susceptibil-
ity �spin as well as total susceptibility �total for �a� fcc Ti-Ni alloys
and �b� fcc Zr-Ni alloys as a function of the Ni content. The thick
solid lines represent the average experimental susceptibility for the
corresponding amorphous alloys from Fig. 1.
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decrease of the Zr content leads to an antiparallel alignment
of Zr and Ni magnetic moments induced by the external
magnetic field. At Ni concentrations higher than 80 at. % Ni,
the Stoner enhancement increases to the extent that at about
90 at. % Ni, the condition of the Stoner instability of the
paramagnetic state, In�EF��1, is satisfied. The negative
value of the spin susceptibility of Zr in Zr-Ni alloys at high
Ni concentrations appears due to an intercomponent contri-
bution discussed in the Appendix and is related to a high
value of the Ni susceptibility as well as an antiferromagnetic
intersite coupling of induced spin magnetic moments on the
Zr and Ni sites.

The results of spin-polarized calculations for Zr10Ni90, in
line with the calculations of the magnetic susceptibility for
the paramagnetic state, also indicate the onset of ferromag-
netism. We obtained a magnetic moment of 0.18 
B for Ni
and −0.07 
B for Zr, corresponding to an average magnetic
moment of 
the=0.155 
B/atom for this alloy composition.
Calculations were performed also for higher Ni contents, and
correspondingly, larger average magnetic moments were ob-
tained �e.g., 
the=0.32 
B/atom for a-Zr7Ni93�. It was found
that for the fcc structure used, the degree of chemical order-
ing had very little influence only on the total magnetic mo-
ment. Although these calculated magnetic moments are ap-
parently much higher than the experimental data for the same
alloy compositions �e.g., 
expt=0.041 
B/atom for the
a-Zr10Ni90 alloy4�, their composition dependence seems to
yield a critical concentration for the onset of ferromagnetism
slightly below 90 at. % Ni, in good agreement with
experiments.4

VII. CONCLUSIONS

We have presented a detailed theoretical study of the mag-
netic susceptibility of the amorphous alloy systems a-Ti-Cu,

a-Zr-Cu, a-Ti-Ni, and a-Zr-Ni. In order to keep the numeri-
cal effort at an acceptable level, an fcc structure with com-
plete chemical disorder was used. These simplifications al-
lowed us to calculate all contributions to the susceptibility,
including the Landau contribution. It was found that the or-
bital susceptibilities give a significant contribution to the to-
tal one for the alloys studied. Our detailed results allowed us
to check a number of simplifying assumptions previously
made when dealing with the magnetic susceptibility of amor-
phous alloys. In particular, the use of an effective Stoner
exchange integral I as suggested by Bose et al.36 turned out
to be fairly well justified. Our total magnetic susceptibility
was found to deviate somewhat from the corresponding ex-
perimental values. This discrepancy can be primarily attrib-
uted to the fact that due to the structure used and due to the
neglect of any chemical short-range order, in particular, in
the case of the Ni-based alloys, our calculations could not
properly account for the values of the electronic density of
states at the Fermi level and, hence, provide the proper spin
susceptibility values.

In an attempt for remedying some of these deficiencies,
we have also made calculations for the Zr-Ni system by tak-
ing into account some partial ordering. The results obtained
in this manner for n�EF� indicated better agreement with ex-
perimental data and with previous calculations performed by
considering CSRO.

On the other hand, the trends in the variation of the sus-
ceptibility with composition are described for all systems
rather well in our calculations. For that reason, it is assumed
that this applies for the variations of orbital and spin contri-
butions as well. In the Zr-Ni systems, calculations indicated
the increase of the Stoner enhancement as the Ni content
approaches 90 at. % Ni. In agreement with the experimental
findings,4 for the Zr10Ni90 alloy, our theoretical results have
indeed shown the onset of a ferromagnetic state at this com-
position: The fulfillment of the Stoner criterion, i.e., In�EF�
�1, indicated an instability of the paramagnetic state,
whereas the spin-polarized calculations yielded a nonzero
spontaneous magnetic moment.
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APPENDIX

Let us consider here in more detail the different mecha-
nisms influencing the magnetic susceptibility. We deal first
with the induced spin magnetic moment �for the sake of
simplicity, we consider here only the spin magnetic moment�
mspin

� on the site � which can be represented according to Eq.
�6� as follows:

mspin
� = −

1

�
Tr Im �EF

dE�
��

d3r�
�
�

��

d3r��
B	z

�G�r,r�,E��HspinG�r�,r,E�

= −
1
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Tr Im �EF
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FIG. 13. Comparison of the enhanced spin susceptibilities of
Zr-Ni alloys obtained by different methods: spin susceptibility ob-
tained by correcting the experimental total susceptibility ��spin� for
the calculated orbital ones �thick solid line�, spin susceptibility de-
rived from the experimental DOS�EF� using the Stoner enhance-
ment obtained in present calculations �dashed solid line�, spin sus-
ceptibility derived in the same way but using the DOS�EF�
calculated accounting for CSRO �Ref. 58� �filled circles�, and spin
susceptibility obtained in the present calculations for the chemically
fully disordered state �open circles�.
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���	z
BBext + �Hspin
xc��r���G�r,r,E�

−
1

�
Tr Im �EF

dE�
�0

d3r �
���

�
��

�d3r��
B	zG�r,r�,E���	z
BBext

+ �Hspin
xc��r���G�r�,r,E� . �A1�

This expression leads to a corresponding spin susceptibil-
ity

�spin
� = −


B
2

�
Tr Im �EF

dE�
��

d3r�	zG�r,r,E���	z

+ �	zKspin
xc��r����r��spin

� �G�r,r,E�

−

B

2

�
Tr Im �EF

dE�
��

d3r �
���

�
��

d3r��	zG�r,r�,E�

���	z + �	zKspin
xc��r����r��spin

� �G�r�,r,E� . �A2�

This equation can be written in terms of the magnetic
susceptibility in the following way:

�spin
� = �spin

0,� + �spin
0,� I��spin

� + �
���

��spin
0,�� + �spin

0,��I��spin
� � ,

�A3�

where

�spin
0,�� = −


B
2

�
Tr Im �EF

dE�
��

d3r�
��

�d3r��	zG�r,r�,E��	zG�r�,r,E� ,

�spin
0,��  �spin

0,� . �A4�

The term �spin
0,�� describes the change of spin magnetic mo-

ment on site � appearing due to interaction of external mag-
netic field with the electrons on site �.

When dealing with a disordered alloy system, the average
spin susceptibility on site � can be represented through the
element-projected values

�spin
� = �

n

xn�spin
n,� ,

where xn is the concentration of component n. Then, one can
write the element-projected susceptibility on site �?�omitting
the index ��

�spin
n = �spin

0,n + �spin
0,n In�spin

n + �
m�n

xm�spin
0,nm�1 + Im�spin

m � .

�A5�

The problem for calculation of configurational average
where the site � is occupied by the atoms An with corre-
sponding concentration, has been considered by Staunton.24

The system of equations �A5� �as well as system of Eq.
�A3� for the ordered compounds� for the different alloy com-
ponents should be solved self-consistently, as was mentioned
already in Sec. III A. However, for our present analysis, let
us represent Eq. �A5� in the following form:

�spin
n =

�spin
0,n

1 − In�spin
0,n + �

m�n

xm�spin
0,nm1 + Im�spin

m

1 − In�spin
0,n . �A6�

When the system under consideration is far from the
Stoner instability, then, taking into account the small magni-
tude of �spin

0,nm and, therefore, keeping only the terms linear
with respect to �spin

0,nm, one can write Eq. �A6� as follows:

�spin
n = �̃spin

n + �
m�n

xm�spin
0,nm1 + Im�̃spin

m

1 − In�spin
0,n , �A7�

where

�spin
n =

�̃spin
0,n

1 − In�spin
0,n . �A8�

Thus, the second term in Eq. �A7� describes a contribu-
tion to the spin susceptibility of alloy component n which
appears due to hybridization of the electronic states of dif-
ferent alloy components.

In the case, when at least one component is close to the
Stoner instability, the second term in Eq. �A6� will have a
significant value and, as a consequence, it will give an es-
sential contribution to the component-projected magnetic
susceptibilities. Depending on the sign of �spin

0,nm, it can either
increase or decrease these values. This effect can also change
the sign of the magnetic moment of one of the alloy compo-
nents, which means an antiparallel alignment of induced spin
magnetic moments on the different alloy components.

The total spin susceptibility of an alloy ��spin� can be rep-
resented through the total unenhanced susceptibility ��spin

0 �
and effective Stoner exchange-correlation integral I,

�spin =
�spin

0

1 − I�spin
0 . �A9�

By taking into account Eq. �A6� one can see that this
effective Stoner integral I depends in a complex way on the
values of the Stoner integrals of the different alloy compo-
nents. However, it can be evaluated in a simple way when
the values of �spin and �spin

0 are known. Note that the magni-
tude of the effective Stoner integral I is expected to be in
good agreement with that obtained from Eq. �16� since they
are determined within similar approximations.
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