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Magnetic properties of liquid Ti–Si, V–Si and Cr–Si alloys

S. Ohno a,∗, K. Ishida a, T. Okada b

a Niigata University of Pharmacy and Applied Life Sciences, Higashijima, Niigata 956-8603, Japan
b Niigata College of Technology, Kamishin’eicho, Niigata 950-2076, Japan

Received 18 September 2006; received in revised form 12 November 2006; accepted 24 November 2006
Available online 25 January 2007

bstract

The magnetic susceptibilities of liquid Ti–Si, V–Si and Cr–Si alloys have been measured as a function of composition and temperature. The
agnetic susceptibilities were found to be almost independent of temperature, which suggests that transition metal solutes in liquid Si are in the
on-magnetic state. The impurity susceptibilities were estimated under the assumption that the solute atoms are monovalent in liquid Si. The
eneral trend obtained for the whole series of 3d solutes in liquid Si shows a sharp peak around Mn solute which is considerably less pronounced
han that reported in liquid In or Sn. The results are discussed in terms of Anderson’s model of localized impurity states.

2007 Published by Elsevier B.V.
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. Introduction

When a transition metal (TM) solute is dissolved into liquid
i, the 3d electron states of the solute are strongly hybridized
ith the conduction electron states in liquid Si. The width of
irtual bound 3d states depends upon the density of states of
onduction electrons at the Fermi level (EF) and the strength of
p–d mixing [1]. Because of the large density of states of liquid
i at EF, the TM solutes in liquid Si have a considerably large
idth of the virtual bound 3d states. It suggests that the whole
f liquid TM–Si alloys may be in a non-magnetic state on the
i-rich side.

In the paper submitted [2], we have already obtained the mag-
etic susceptibility of liquid TM–Si alloys (TM = Mn, Fe, Co,
i). There are few accurate data of magnetic susceptibility of
i, V and Cr solutes in liquid metals. It is interesting to compare

he behavior of Fe, Co and Ni solutes to those of Cr, V and Ti
olutes. In this paper, the impurity susceptibility of the whole
eries of 3d metals in liquid Si will be studied. The trend of the
mpurity susceptibility obtained in liquid Si will be compared
ith those obtained in liquid Al, In and Sn [3–5]. The model of

nderson will be used to estimate the density of 3d states at EF

nd the width of virtual bound 3d states.
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. Experimental procedure

Magnetic susceptibility measurements were made using a standard Faraday
ethod with a torsion balance [2,5]. The field strength of the electromagnet
as approximately 10 kOe with a 6 cm gap between the pole pieces. The

onstant value of H(dH/dx) was 6.10 ± 0.15 (kOe)2/cm. Mohr’s salt with a room
emperature susceptibility of 1.26 × 10−2 emu/mol was employed as a standard
ample. Alloys of 0.5 g were put into alumina cells and were heated in a silicon
arbide furnace in an atmosphere of high purity helium. The measurements
ere carried out during heating from the melting point up to a maximum

emperature of around 1600 ◦C and also during the subsequent cooling
rocess.

. Results

Fig. 1 shows the magnetic susceptibility of liquid Ti–Si alloys
s a function of temperature. For all composition up to 35 at.%
i the magnetic susceptibilities were almost independent of tem-
erature, which suggests that the Ti ions in the liquid alloys are in
he non-magnetic state. The observed discontinuities on the low
emperature side are due to solidification and are in accordance
ith the melting point given in literature (1480 ◦C at 35 at.% Ti)

6].
The magnetic susceptibilities as a function of temperature of
iquid V–Si (up to 20 at.% V) and liquid Cr–Si (up to 50 at.%
r) are shown in Figs. 2 and 3, respectively. As observed for the
lloys of Ti–Si, the discontinuities of data are due to the onset
f solidification and are again in accordance with the literature
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Fig. 1. Magnetic susceptibility of liquid Ti–Si alloys as a function of tempera-
ture.

Fig. 2. Magnetic susceptibility of liquid V–Si alloys as a function of temperature.

Fig. 3. Magnetic susceptibility of liquid Cr–Si alloys as a function of tempera-
ture.
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ig. 4. Composition dependence of magnetic susceptibility in liquid 3d transi-
ion metal–Si alloys at 1450 ◦C. The values of liquid Mn, Fe, Co and Ni were
aken from [2].

1630 ◦C at 20 at.% V, 1350 ◦C at 50 at.% Cr) [6]. Similar to
i–Si, the magnetic susceptibilities of both systems show a weak
nd positive temperature dependence of magnetic susceptibility,
hich suggests that both V and Cr ions in liquid Si are in a
on-magnetic state.

Fig. 4 shows the composition dependence of susceptibility
or the entire series of 3d metals at 1450 ◦C. The data of liquid
M–Si (TM = Mn, Fe, Co, Ni, Cu) were taken from the previous
aper [2]. The increase in χ observed for small additions of less
han half filled metals (10 at.% Cr, V, Ti) are larger than that
or the corresponding more than half filled metals (10 at.% Fe,
o, Ni), respectively. That is, χ(Cr) > χ(Fe), χ(V) > χ(Co) and
(Ti) > χ(Ni).

. Discussion

The magnetic susceptibilities of liquid TM–Si alloys are
iven by [7]:

= χ3d(TM+) + χpara + {(1 − c)χdia(TM+) + cχdia(Si4+)},
(1)

here χ3d(TM+) is the paramagnetic susceptibility due to the
ocalized 3d electron states, and χdia(TM+) and χdia(Si4+) are
he diamagnetic susceptibilities of the TM+ and Si4+ ion cores,
espectively. It is known that Cu ions are monovalent in liquid
etals. The assumption of TM+ ions is based upon the conclu-

ions drawn from the alloying behavior of electronic properties
f liquid TM–Ge (TM = Mn, Fe, Co, Ni, Cu) [8]. The diamag-
etic value of Si4+ is −2.3 × 10−6 emu/mol [9], those of TM+

n+
ons were interpolated from the trend of χdia(TM ) as reported
y [9]. The total values of diamagnetic susceptibility are shown
n Table 1. The decrease in χdia due to the addition of 10 at.% TM
olute lies in the range between −1.8 and −2.5 × 10−6 emu/mol.
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Table 1
Experimental magnetic susceptibility χ(Exp.), paramagnetic susceptibility χpara,
diamagnetic susceptibility χdia and impurity susceptibility χ3d of liquid
TM0.1Si0.9 alloys

Ti0.1Si0.9 V0.1Si0.9 Cr0.1Si0.9 Mn0.1Si0.9

χ(Exp.) 24.6 34.3 57.2 95.7
χpara 13.5 13.3 13.3 13.4
χdia −4.8 −4.7 −4.3 −4.4
χ3d 15.9 25.7 48.2 86.7

Fe0.1Si0.9 Co0.1Si0.9 Ni0.1Si0.9 Cu0.1Si0.9

χ(Exp.) 47.9 24.7 13.2 10.0
χpara 13.3 13.3 13.3 13.1
χdia −4.3 −4.2 −4.1 −3.6
χ
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3d 38.9 15.6 4.1 0.5

alues are in (×10−6 emu/mol).

The paramagnetic susceptibility, χpara, due to the conduction
lectrons is given by [7,10]:

para = α(m∗, rs)μ
2
BN(EF), (2)

here N(EF) is the density of states at EF, which can be estimated
rom the nearly free electron model as follows:

(EF) =
(

V

2π2

)(
2m

h̄2

)3/2

E
1/2
F (3)

ere

F =
(

h̄2

2m

)(
3π2Ne

V

)
, (4)

here Ne is the number of conduction electrons.
The enhancement factor α(m*, rs) increases monotonously

ith effective mass, m*, and inter-electron spacing rs. The
ffective mass depends on the strength of electron–ion inter-
ction.

For nearly free electrons the enhancement factor is given by
he expression [7,10]:

(m∗, rs) = α(rs)

[1 + α(rs){(m/m∗) − 1}] − m

3m∗ . (5)

or liquid Si the enhancement factor,α(rs), calculated by random
hase approximation is 1.23 [10]. The paramagnetic suscepti-
ility of liquid Si obtained by subtracting χdia(Si4+) from the
xperimental value of 11.8 × 10−6 emu/mol amounts to approx-
mately 14.1 × 10−6 emu/mol. With the help of N(EF) estimated
rom Eq.(3) and the value of χpara, α(m*, rs) can be calculated
rom Eq. (2). The quantity m*/m can be calculated from the val-
es of α(rs) and α(m*, rs) using Eq. (5). The values of α(m*, rs)
nd m*/m are 0.97 and 1.07 for liquid Si, respectively. The aver-
ge number of conduction electrons per ion decreases slightly
rom 4 to 3.7 with the addition of 10 at.% TM solute. N(EF)
an be estimated from the average number of 3.7 per ion by

sing Eqs. (3) and (4). We estimate the values of χpara under the
ssumption of a rigid band model assuming that the values of
(m*, rs) for liquid TM0.1Si0.9 are nearly equal to that for liquid
i. The values are shown in Table 1. As a result, the decrease

e
s
i
a

ig. 5. Impurity susceptibility of 3d transition metal solutes in liquid Si at solute
oncentrations of 10 at.% TM. The data for host metals Al, In and Sn were taken
rom [3,5].

n χpara with the addition of 10 at.% TM solute lies in the range
etween −0.6 and −0.8 × 10−6 emu/mol.

The values of the impurity susceptibility χ3d can be obtained
y subtracting the χpara and the total value of χdia from the
xperimental values of χ. Fig. 5 shows the variation of impu-
ity susceptibility across the entire series in liquid Si together
ith the results of [3,5]. The trend of χ3d(TM+) in liquid Si is

imilar to that in liquid Al, which also has the large value of
F ≈ 10.4 eV. The peaks of impurity susceptibility in liquid Si
nd Al are considerably smaller than those in liquid In and Sn
4,5]. When Cr, Mn and Fe solutes are added into liquid metal
olvents such as liquid Cu, Zn, In and Sn [5,11], the impurities
re in the magnetic state in these liquid metals. In liquid Al sol-
ent, however, the Cr, Mn and Fe ions are in the non-magnetic
tate as has been reported by Flynn et al. [3] and has been dis-
ussed in detail by Terzieff and co-workers [12,13]. In this work
nd the previous study [2], we have found a non-magnetic behav-
or of Cr, Mn and Fe ions in the wide composition range up to
0 at.% Cr, 40 at.% Mn and 50 at.% Fe for liquid Cr–Si, Mn–Si
nd Fe–Si, respectively.

According to the model of Anderson, the magnetic suscepti-
ility of TM ions in the non-magnetic state is given by [1]:

3d = NAημ2
Bρd(EF). (6)

ere η is the enhancement factor, defined by:

=
{

1 − (U + 4J)ρd(EF)

10

}−1

, (7)

here ρd(EF) is the density of d states at EF and U + 4J is the

ffective intra-atomic Coulomb and d–d exchange energy. As
hown in Fig. 6, the parameter (U + 4J) decreases with increas-
ng EF [8]. EF of liquid Si estimated from Eq. (4) is as large
s 13.4 eV [14]. Therefore, the reasonable value of (U + 4J) is
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Fig. 6. Effective intra-atomic d–d Coulomb and exchange interaction energy of
3d transition metal solutes vs. EF in liquid Si (this paper) and In, Sn, Al, Ge
taken from [5,8].
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[10] S.D. Silverstein, Phys. Rev. 130 (1963) 1703.
ig. 7. (a) Density of d states, ρd(EF), of 3d impurities in liquid Si and (b) width
f virtual bound 3d states of 3d impurities in liquid Si.

.5–2.5 eV for transition metal solutes in liquid Si. Assuming
hat the value of (U + 4J) is 2.0 eV, we can estimate the values
f ρd(EF) with the help of the known values of the impurity
usceptibility. The variation of ρd(EF) is shown in Fig. 7a.

In the non-magnetic case, the density of d states is given by
1]:

(10Δ/π)
(

10
) (

πN
)

d(EF) = {(EF − Ed)2 + Δ2} =
πΔ

sin2 d

10
, (8)

here Nd and Ed are the number and the energy level of the
ocalized 3d electrons, respectively. Δ is the width parameter of

[
[
[
[
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he virtual bound 3d states which depends on the N(EF) of the
olvent and the strength of sp–d mixing, defined by:

= π|Vd,sp|2N(EF), (9)

here Vd,sp is the sp–d admixture matrix element. Based on the
ssumption of monovalent transition metals, we can estimate the
alues of Δ from the ρd(EF) by using Eq. (8) and therewith Vd,sp
an be deduced from Eq. (9). As shown in Fig. 7b, Δ decreases
radually across the 3d series from V to Ni. As a result, by
he virtue of Eq. (9) Vd,sp decreases gradually with increasing
he number of localized 3d electrons. The enhancement factor η

stimated for the liquid Si solvent is 2.0, 2.6, 4.0, 6.4, 3.4, 2.0
nd 1.2 for Ti, V, Cr, Mn, Fe, Co and Ni solutes, respectively. The
nhancement of Cr, Mn and Fe is considerably larger than that
f Ti, V, Co and Ni. Their large values suggest that the magnetic
ehavior of Cr, Mn and Fe is reasonable in liquid Cu, In and Sn.
ccording to the calculation of Eqs. (3) and (4), the behavior
f non-magnetic Cr, Mn and Fe solutes in liquid Si are closely
elated to the large density of states at EF of liquid Si.

. Conclusion

The magnetic susceptibilities of liquid TM0.1Si0.9 alloys
TM = Ti–Ni) are almost independent of temperature, which sug-
ests that the transition metal atoms are in the non-magnetic state
n liquid Si. The impurity susceptibility was estimated by sub-
racting the paramagnetic susceptibility of conduction electrons
nd the diamagnetic susceptibility of ions from the experimental
alue of χ. The trend of impurity susceptibility shows a sharp
eak around Mn. The trend in liquid Si, which is related to the
arge value of EF is considerably less pronounced than those in
iquid In and Sn. The values of ρd(EF) can be estimated from
he impurity susceptibility under the assumptions that (U + 4J) is
.0 eV and that transition metal solutes are monovalent in liquid
i. The width parameter was found to decrease gradually across

he series from V to Ni solute.
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