Journal of Magnetism and Magnetic Materials 482 (2019) 173-177

journal homepage: www.elsevier.com/locate/jmmm

Contents lists available at ScienceDirect

Journal of Magnetism and Magnetic Materials

journal of

‘materials

Research articles

Free and itinerant electron channels in magnetic NiCu alloys R

Z.Z. Li*', W.H. Qi*', L. Ma®, G.D. Tang™"", G.H. Wu”, F.X. Hu"

Check for
updates

@ Hebei Advanced Thin Film Laboratory, Department of Physics, Hebei Normal University, Shijiazhuang City 050024, People’s Republic of China
® State Key Laboratory of Magnetism, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, People’s Republic of China

ABSTRACT

The temperature dependence of the resistivity of magnetic NiCu alloys was fitted using an equivalent circuit containing free electron (FE) and itinerant electron (IE)
channels. The spin-independent FEs, which moved within a crystal lattice potential field, were not restrained by the electronic orbitals of any ions. The IEs were
restrained by the outer electronic orbitals of the ions and could transit with a certain probability between adjacent ions. Below Curie temperature, Tc, the electrical
transport of the IEs was spin-dependent. The variation in the T of the NiCu alloys as a function of the Cu content was fitted using the Weiss electron pair model. We
therefore provided a scheme to explain both electrical transport and magnetic properties using valence electron structure.

1. Introduction

Three models were reviewed previously [1], including an O 2p
itinerant electron model for magnetic oxides (IEO model) [2], a new
itinerant electron model for magnetic metals (IEM model) [3], and a
Weiss electron pair model (WEP model) used to explain the origin of the
magnetic ordering energy in magnetic metals and oxides [4]. These new
phenomenological models are based on atomic physics and are easier to
understand compared with the conventional exchange interaction
models [5]. The new models can be applied to suitable materials to
successfully explain the experimental phenomena, including not only
those that have been explained using conventional models but also
those that have not been explained for many years [1]. The success of
these new models implies that the conventional models should be im-
proved or updated.

The IEM model [1,3] is based on the experimental results of the
electron transfer from the 4s to the 3d orbital in Fe single crystals [6]
and Fe clusters [7]. It includes three postulates: (i) In the process of
forming a magnetic metal solid from free 3d transition-metal atoms,
most 4s electrons enter the 3d orbitals subjected to Pauli repulsive
forces, whereas the remaining 4s electrons form free electrons (FEs). (ii)
The 3d electrons located near the Fermi energy level have a certain
probability of transiting between the outer electronic orbitals of ad-
jacent ions (i.e., atoms that have lost their FEs) with a constant spin
direction, forming itinerant electrons (IEs). The other 3d electrons are
local electrons (LEs) belonging to each ion. (iii) FEs moved within a
crystal lattice potential field and were not restrained by the electronic
orbitals of any ions. Therefore, the movement of FEs is spin-

independent. The transition of IEs was restrained by the outer elec-
tronic orbitals of the ions. Therefore, the transition of IEs is spin-de-
pendent below the Curie temperature, T, but is spin-independent
above Tc.

The WEP model [1,4] includes the following assumptions: (i) Two
electrons with opposite spin directions in the outer electronic orbital of
an ion are assumed to have constant spin directions constrained by
Hund’s rules [5]. The electrons in the outer electronic orbitals of ad-
jacent ions, including the cations and anions in a compound and the
ions in metals, may have three states as shown in Fig. 1. (ii) The two
meeting electrons shown in Fig. 1 (A), cannot exchange because they
have opposite spin directions. This electron pair with a certain prob-
ability and lifetime is called a WEP. The energy difference between
static magnetic attractive and Pauli repulsive energies for the two
electrons of a WEP are presumably the origin of the magnetic ordering
energy in magnetic materials. (iii) The two meeting electrons shown in
Fig. 1 (B), can easily exchange because they have the same spin di-
rection. If the electrons adopt the state shown in Fig. 1 (C), the middle
electron can easily transit to the electronic orbital of the right ion. The
exchange process in Fig. 1 (B) and the transit process in Fig. 1 (C) are
the transitions of IEs, wherein the spin direction of the IE cannot
change; otherwise, the transition does not occur.

The different characteristics of FEs and IEs in a metal or alloy ma-
terial have not been reported yet. Herein, such differences are described
by analyzing the dependences of the observed magnetic moment, {ops,
and the resistivity, p, of Ni; _,Cu, alloys on their Cu content, x. The
known magnetic and electrical experimental phenomena [5,8,9] of
Ni; _,Cu, alloys are explained based on the IEM and WEP models.
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Fig. 1. Illustrations of (A) A Weiss electron pair and (B), (C) itinerant electrons between the outer electronic orbitals of the adjacent ions [1,4].
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Fig. 2. Studies on Ni, _,Cu, alloys: (A) Dependence of the observed (points) [5] and fitted (line) average magnetic moments per atom on the Cu content x. (B)
Dependencies of the average numbers of 3d electrons per Ni ion (ng) and FEs per atom (ng) on x.

2. Free and 3d electron content in NiCu alloys

The dependence of the average magnetic moment, ,ps, of Ni; —,Cu,
(per atom of alloy) on the Cu content (x) was derived from
Slater—Pauling curves [5], as shown in Fig. 2 (A). This can be fitted to
the following equation:

Yo = 0.6(1 = X) — 0.57x 68)

Eq. (1) can be explained according to the IEM model [1,3]: (i) In 10
valence electrons with 3d®4s? configuration per Ni atom, an average of
9.4 electrons enters the 3d orbitals and 0.6 electrons form FEs in the
metallic Ni. Therefore, the average magnetic moment per ion in me-
tallic Ni is 0.6 pg. (ii) In 11 valence electrons with 3d'%4s! configuration
per Cu atom, 10 electrons remain in the 3d orbitals of Cu, 0.57 electrons
enter the 3d orbitals of the Ni ions in the alloy, and 0.43 electrons
contribute to the FEs of the Ni, _,Cu, alloys. Therefore, the variations in
the average numbers of 3d electrons per Ni ion (ngq) and FEs per atom
(ng) in the NiCu alloy as a function of x can be calculated using the
following equations:

0.57x
ng =940 + ——, ng < 10.0
d 1 —x ( d X ) (2)
ng =10 + x — nqg 3

Fig. 2 (B) shows the dependencies of ng and n¢ on x. Since the nyg
value increases to 10.0 for a full 3d electron shell when x = 0.51, we
obtain an interesting result: nqg = 10.0, n¢ = x, when x > 0.51. This
result will be useful for explaining the experimental observations of the

electrical-transport properties described below.
3. Electrical-transport model with FE and IE channels

Fig. 3 depicts the curves of resistivity (p) versus test temperature (T)
and Cu content (x) for the Ni; _,Cu, alloys reported in Ref. [8], where
both x and T¢ are shown. These curves are discussed as follows:

(i) For materials with x = 0.00, 0.0961, 0.1954, and 0.2810, the T is
within the test temperature range. Below Tc, p increases rapidly
with increasing T, whereas above T, p increases steadily. The de-
pendence of p on T can be fitted using an equivalent device with two
current-carrier channels, as shown in Fig. 4. Therein, R3 represents
the resistance (resistivity ps) originated from the FEs, which are
scattered by a weak, periodic crystal-lattice potential field. R; re-
presents the resistance (resistivity p;) originated from the transition
of IEs between adjacent ions, which are scattered by the crystal
lattice. R, represents the resistance (resistivity p,) originated from
the IEs, whose spin direction deviates rapidly from the ground-state
direction when T is close to Tc. Therefore, the total resistance, R, in
Fig. 4, can be calculated using the equation

1 1

1

— = 4

R Ry R+ R

and

R= (R + R)Rs
Rl + R2 + R3
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Fig. 3. Resistivity (p) versus test temperature (T) and Cu content (x) in
Ni; —,Cu, alloys. The values of x and the Curie temperature, Tc, are shown. The

data were taken from Ref. [8].
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Fig. 4. An equivalent circuit with two current-carrier channels, used to fit the
dependencies of p on T for a magnetic metal or alloy, where R; is in the channel
of the FEs, and R; and R, are in the channel of the IEs.

Thus, the resistivity, p, of the materials can be calculated using Eq.
(4):

_ (o +py)ps
p1+ Py + ps 4
where the resistivity is given by
p, = 1/oy, py, =1/0y, p3 = 1/03, )
and the conductivity is given by
o= (an — aT)?,
=0 eXP(kBLT),
o3 =09 — a3T (6)

The fitted results obtained using Eqgs. (4)-(6) for metallic Ni are
shown in Fig. 5, where the points represent previously derived data [8]
and the curves represent the fitted results. Thus, (a) if T < T, p- is very
small; p; < ps, and the electrical transport occurs along both channels.
(b) With increasing T, the effects of crystal-lattice vibrations on p; be-
come much stronger than those on ps; therefore, p; increases faster with
increasing T compared to ps. (c) If T is close to Tc, p increases rapidly.
(d) If T > Tc, both p; and p, are much higher than ps; the electrical
transport occurs along the FE channel; and the contribution of the IEs to
the conductivity can be neglected.

(ii) Fitted results of the dependence of p on T for materials with
x = 0.00, 0.0961, 0.1954, and 0.2810 are shown in Fig. 6. The
fitted results (curves) are very close to the observed data points [8].
The fitted parameters in Eq. (6) are listed in Table 1. The para-
meters a;; and a;, are corresponding to the effect of crystal lattice
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Fig. 5. Illustration of the fitted resistivity curves, p;, po, p3, and p, versus the
temperature, T, for the magnetic metal Ni. The observed point data were taken
from Ref. [8].
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Fig. 6. Fitted resistivity (p) curves versus test temperature (T) for Ni; _,Cu,
alloys. The point data were taken from Ref. [8].

vibration on spin-dependent transition of IEs. The parameter a, is
corresponding to the effect of the spin direction of IEs because it
deviates from the ground-state spin direction when the test tem-
perature increases. The parameters 0, and a3 are corresponding to
the effect on FEs of periodic crystal-lattice potential field. These
effects are related to x.

When x < 0.281, an increase in total resistivity, p, is observed,
which originates from a decrease in 0, with increasing x. This may
result from two factors: the effect of the crystal-lattice potential field
increases due to the increase in Cu content and the concentration of FEs
changes slightly [Fig. 2 (B)]. When x > 0.5, a decrease in p is observed
(Fig. 3), which may originate from an increase in the concentration of
FEs with increasing x, as shown in Fig. 2 (B).

(iii) Interestingly, the dependences of p; and p, on T in Egs. (5) and (6)
are very similar to those reported for perovskite manganites [10].
In particular, the thermal excitation energy, E, of the spin-depen-
dent resistivity, p,, decreases with decreasing Tc in the Ni; _,Cu,
alloys (Table 1) or perovskite manganites La; _,Sr,MnO3 [10], as
shown in Fig. 7. This indicates that the assumption, that IEs exhibit
similar properties in magnetic alloys and oxides in the WEP model
[1,4], is reasonable.

(iv) Notably, there are obvious difference in electrical transport be-
tween magnetic metals and oxides below T¢: In magnetic metals or
alloys, the current carriers include the spin-independent FEs and
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Table 1
Fitted parameters of the conductivity o; = (a;; — a1 T)}, 0, = @, exp(ks—T), and o3 = gy — a3 T for Ni; _,Cu, alloys.
X aiy a1z az E Tc [ as
(Q~V3em~13) Q3 em™ 2 K3) Q@ 'em™ Y (eV) (K) Q@ 'em™ Y Q@ 'em 'K
0.00 0.690 8.30 x 107* 222 x 107 1.30 636 0.04975 2.65 x 107°
0.0961 0.470 6.00 x 10™* 1.82x 107 1.03 522 0.03365 1.40 x 107°
0.1954 0.385 6.00 x 107* 1.54 x 10713 0.85 415 0.02552 7.00 x 107°
0.2810 0.345 7.00 x 104 1.25 x 10713 0.75 325 0.02246 4.60 x 10~
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Fig. 7. Thermal excitation energy (E) of the spin-dependent resistivity (p,)
versus the Curie temperature (T¢) for the Ni; _,Cu, alloys studied in this work
and the perovskite manganites (La; —,Sr,MnO3) reported in Ref. [10].

spin-dependent IEs. However, in magnetic oxides La; ,Sr,MnOs
[10], the current carriers include spin-dependent IEs along the O-
Mn-O and spin-independent IEs along the O-La(Sr)-O ion chains,
no FE along any ion chain. Therefore, the view that the magnetic
oxides (such as perovskite manganites) below Tc possess metal
electrical conductivity, should be improved [10].

4. An explanation of the Curie temperature using the WEP model

The T¢ of Ni; _,Cu, alloys and Fe and Co metals decreases with a
decrease in the average chemical bond number, Nygp, as shown in
Fig. 8, at which bonds WEPs can form in a certain probability [1,11].
According to the WEP model [1,4], there is an energy difference be-
tween static magnetic attractive and Pauli repulsive energies for the
two electrons of a WEP, which is the energy of a WEP. The energy of
WEPs results in decrease of the system energy, and it is assumed to be
the origin of the magnetic ordering energy. In the magnetic metal Co,
each ion has 12 nearest adjacent ions. In other words, on average, there
are 12 bonds near an ion where WEPs can form, represented by
Nwep = 12. For the magnetic metal Fe, it can similarly be calculated
that Nwgp = 8. Thus, the T¢ value for Fe (1043 K) is lower than that for
Co (1404 K).

For the magnetic metal Ni, each ion has 12 nearest adjacent ions.
The average number of 3d electrons in metallic Ni is 9.40. In other
words, 40% of the Ni ions have a full 3d'° sub-shell with ten 3d elec-
trons being similar to the Cu ions in metallic Cu, which cannot form
WEPs with their adjacent ions. Therefore, only 60% of the Ni ions can
form WEPs with 60% of their nearest adjacent ions, resulting in
Nwgp = 4.32 (=12 x 0.6 x 0.6). In the case of Ni; _,Cu, alloys with
x = 0.0961, 0.1954, and 0.2810, using the average 3d-electron number,
ng, obtained for Ni ions using Eq. (2), the Nygp values can be calculated
to be 3.49, 2.56, and 1.71, respectively. We therefore obtained an ap-
proximate linear dependence of T¢ on Nygp, as shown in Fig. 8. This

Fig. 8. Dependence of T¢ on the average chemical bond number near a mag-
netic ion, Nwgp, at which bonds WEPs can form in a certain probability for
Ni; —,Cu, alloys and Fe and Co metals.

indicates that the WEP model, including the assumption that the
magnetic ordering energy originates from WEPs, and the IEM model,
including the classification of electrons in FEs, IEs, and LEs, are both
reasonable.

5. Conclusion

Herein, the dependences of the resistivity and Curie temperature of
Ni; —,Cu, alloys on their Cu content were explained using the IEM and
WEP models. The electrical resistivities of the alloys can be fitted using
an equivalent circuit with two channels. One channel corresponds to
FEs, which have an equivalent resistance Rs. The other channel corre-
sponds to IEs, which have two series of resistances, namely, R; (crystal
lattice scattering) and R, (effect of spin direction below T¢). The re-
lative fitted equations and parameters were presented. The results re-
vealed that T¢ of Ni; _,Cu, alloys and Fe and Co metals decreases with
decreasing average chemical bond number, Nygp, at which bonds WEPs
can form in a certain probability.
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