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Abstract 
Copper-permalloy [Cu1–x(Ni80Fe20)x] alloy films were deposited by co-sputter-
ing and their chemical, structural, magnetic, and electrical properties were 
characterized. These films are found to have favorable weak ferromagnetic 
properties for low temperature magnetoelectronic applications. Our results 
show that by varying the composition, the saturation magnetization (Ms) 
can be tuned from 700 emu/cm3 to 0 and the Curie temperature (Tc), can 
be adjusted from 900 K to 0 K. The Ms and Tc are found to scale linearly be-
tween x = 25% and 100%. Electronic structure calculations are used to pro-
vide a strong fundamental understanding of the mechanisms responsible 
for establishing the observed electrical and magnetic properties. The theo-
retical results also show that the introduction of Cu into the permalloy lat-
tice results in very strong spin scattering in the minority spin channel, with 
only moderate interactions in the majority channel. 
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1. Introduction 

The use of doping and alloying of magnetic materials can be used to 
engineer the properties of magnets for practical applications. Begin-
ning in the 1930s, many advances were made in systematic studies of 
a wide range of dopants and alloying agents, led by Elmen, Bozarth 
and others in the Bell Labs group [1,2]. Their quest led to metallic 
magnets with high permeabilities and low a.c. loss for transformers 
and loading coils, large remanent magnetizations for permanent mag-
nets, and oxide ferrites and garnets for high frequency applications. In 
all these cases, the materials are comprised largely of ‘‘magnetic” ele-
ments, e.g. Co, Ni, Fe, Cr, and Mn, and are classified as ‘‘strong” since 
they exhibit characteristically large saturation magnetization values 
(or equivalently high permeabilities) at room temperature. The use of 
magnets at low temperatures for practical applications is limited to 
date, and when they are used, strong magnets are almost always cho-
sen because of their high saturation magnetization (Ms). 

The exploration of dilute levels of the magnetic elements in non-
magnetic hosts has not been extensively explored for practical ap-
plications because magnetic ordering is only observed at low tem-
peratures and the magnetism is weak. Most previous work on dilute 
magnetic systems has been done primarily by the academic commu-
nity in areas such as spin glasses [3]. The magnetic behavior of dilute 
magnets can be understood using a combination of RKKY theory and 
percolation models. [4–6] 

Besides the questions associated with the fundamental issues and 
properties of dilute magnets, there has been a growing need for weak 
magnets with low saturation magnetization and possibly reduced Cu-
rie temperature for some microelectronic applications. To reduce the 
switching fields of spin-toggle MRAM, the use of weaker magnets op-
erating at lower temperatures is a viable alternative. Since the thermal 
stability barrier of a single-domain bit in the Stoner-Wohlfarth model 
scales as Ms

2
 ∆t2 ∝ kBT [7,8], (∆t is the layer thickness, and T is the tem-

perature associated with the thermal stability criterion used to evalu-
ate bit retention), and the minimum write current that generates the 
switching field scales as Ms∆t, a reduction from 300 to 4 K would al-
low a factor of (300/4)½ ≈ 8.6 in the write field and current.   

In order to increase the density of MRAM devices, there is strong 
interest in developing practical spin-torque MRAM device technol-
ogy. For these spin-torque MRAM devices, the write current (Ic) scales 
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roughly proportional to Ms
2
 [7]. Such a reduction is important to re-

ducing the power consumption during low temperature operation. It 
could also help to minimize the current-induced damage to the tun-
nel barriers that can limit the lifetime of today’s room temperature 
spin torque MRAM devices. 

Another microelectronic application of interest is the development 
of a fast, dense, low-power cryogenic memory that uses Cooper pair 
transport though ferromagnetic free and fixed layers clad by super-
conducting electrodes [9–11]. Since the read process detects the zero-
voltage superconducting current magnitude, the act of reading a bit 
consumes an inconsequential amount of energy. Thus, the switching 
energy of the free layer determines the power requirements of the 
memory and is identical to the write cycle of MRAM. It can be reduced 
using a low Ms free layer [9–11]. 

In the work described here we show that by diluting magnetic el-
ements with non-magnetic hosts, the properties including the sat-
uration magnetization and Curie temperature can be tuned down 
to desired small values. We specifically study copper-permalloy  
(Cu1–x(Ni80Fe20)x) alloys in the magnetically dilute limit, where Ms can 
be tuned from 700 emu/cm3

 to 0 and the Tc can be adjusted from 900 
K to 0 K by varying the alloy composition. Studies of the structural 
and chemical properties of this alloy system have determined that 
the Cu-permalloy system is miscible over a wide range of composi-
tions [12]. To our knowledge, the magnetic and electronic properties 
have not been explored extensively, particularly in the dilute limit of 
permalloy content. 

2. Methods 

Cu-permalloy films used for this study were deposited at room tem-
perature onto oxidized Si (100) wafers using co-sputtering in an un-
baked UHV chamber with a base pressure of ~2 × 10–8

 Torr. 5 cm U.S. 
Inc. and 2.5 cm Kurt Lesker TorusTM

 magnetron sputter sources were 
used with 99.95% pure Ni81Fe19 (81% Ni, and 19% Fe) and 99.99% Cu 
targets, respectively. The Ni81Fe19 source sputters head-on to the sub-
strate and the Cu source was mounted at a 45° angle. The films were 
sputtered under an Ar pressure of 3 mTorr and an Ar flow rate of 70 
sccm. The power of the Cu and Ni81Fe19 sources were varied from 2 
to 200W to controllably adjust the Cu content of the deposited films. 
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These conditions and this target composition are known to produce 
Ni80Fe20 permalloy films. Using this technique, the entire range of al-
loy compositions Cu1–x(Ni80Fe20)x (0 < x ≤ 1) was achieved. Rutherford 
backscattered spectrometry (RBS) was used to infer Cu content and 
the thickness of the thin films. The density of thin films used in the 
RBS analysis was obtained from X-ray reflectivity (XRR) measurements. 
Since the involved elements (Cu, Ni, Fe) have close atomic weights, 
reducing the accuracy of the RBS analysis, the composition was fur-
ther verified by particle induced X-ray emission spectroscopy (PIXE) 
for a number of films. We found the composition variation, ∆t, across 
a 1 cm × 1 cm area was less than 5%. 

The magnetic properties, temperature-dependent magnetization, 
and magnetization versus applied field (M-H) isotherm curves of the 
films were characterized using a vibrating sample magnetometer 
(VSM) from 2 to 1000 K (Quantum Design, Model PPMS with oven 
option). Only pure permalloy samples were measured at elevated tem-
peratures with the oven option. The temperature dependent electri-
cal resistivities of the films were measured using an inline 4-point dip-
ping probe inserted into a liquid He Dewar. The surface quality and 
roughness of the thin films were obtained from topography measure-
ments using a commercial atomic force microscope (AFM) (Veeco, 
Model Dimension 300). 

We have carried out electronic structure calculations of Cuy-Ni1–

x–yFex alloys, within the Local-Density Approximation (LDA), using 
the tight-binding Linear Muffin Tin Orbital (LMTO) basis and Atomic 
Sphere’s Approximation (ASA) [13]. LMTO is an augmented wave 
method where smooth envelope functions are augmented by nu-
merical solutions of the Schrodinger equation inside spheres centered 
around their nuclei. It differs from the Linearized Augmented Plane 
Wave (LAPW) method in that the smooth envelope functions are Han-
kel functions, rather than plane waves. The ASA consists of the fol-
lowing approximations: (1) It overlaps augmentation spheres so that 
their volume fills the entire unit cell. The interstitial contribution to the 
Hamiltonian is omitted. This approximation is quite reasonable in well 
packed systems of interest here. (2) It replaces the true potential in-
side the spheres with a spherical average, also a reasonable approxi-
mation for close packed systems. To treat disorder, a Green’s function 
approach was used in the Coherent Potential Approximation (CPA). 
We adopt an approach similar to that of Turek et al. [14], except that 
we combine CPA with third order potential functions [15]. In the CPA, 
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broadening of a band by alloy scattering is given by the imaginary 
part of the self-energy at the quasiparticle peak. The lattice constant 
used is 3.57 Å taken from [16] reduced by 0.2%; the valence basis con-
sisted of s-, p-, and d-orbitals. 

3. Experimental results 

RMS roughness and thickness of a few Cu1–x(Ni80Fe20)x compositions 
are summarized in Table 1. The 1–2 nm rms surface roughness val-
ues indicate that the topography of the film is relatively smooth for 
all of the listed films and should be adequate for thin-film magneto-
electronic applications. 

Fig. 1 shows the typical M-H behavior of co-sputtered Cu1–x(Ni80Fe20)x 
alloy films at room temperature (RT) and 4.2 K. This particular sample 
has 50% Permalloy content and measured Curie temperature of 380 K. 

Table 1. RMS roughness of a few Cu1–x(Ni80Fe20)x films, as measured by AFM. 

	 Permalloy content (%) 	 Thickness (nm) 	 RMS roughness (nm) 

	 60 	 72 	 1.4 

	 30 	 83 	 1 
	 12 	 115 	 1.8 

Fig. 1. Typical M-H behavior of co-sputtered Cu-Permalloy alloy. This particular sam-
ple has 50% Permalloy content and a Curie temperature of 380 K.  
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As a result, at room temperature when T = 300 K is near Tcurie, the data 
shows near-zero coercivity Hc and magnetic remanence Mr, as well as 
a lack of complete magnetic moment saturation at high fields. All of 
which are characteristic features of superparamagnetism. In contrast at 
T = 4.2 K, the Hc, and Mr are finite, and the magnetic moment saturates 
completely, consistent with a strongly ferromagnetic film. 

Temperature-dependent saturation magnetizations of represen-
tative Cu1–x(Ni80Fe20)x alloys are shown in Fig. 2. The data were mea-
sured under an applied field of 2500 Oe, large enough to reach sat-
uration at all temperatures for all samples in this study. For x = 0.75, 
the temperature-dependent saturation magnetization can be fit to a 
Brillouin function [17], which is typical of strong ferromagnetic mate-
rials like permalloy. In this case, it is possible to extract the Curie tem-
perature values from fitting the Ms-T curves. However, for x = 0.35 and 
x = 0.25 the Ms-T data deviate from the Brillouin function, likely due 
to the influence of the relatively large applied magnetic field com-
pared to the relatively weak internal field of the material. Other ma-
terials with similarly small exchange energies and saturation magnetic 
fields behave similarly.  

In order to avoid the large inaccuracies in such an analysis for weak 
magnets, we used Arrott analysis [18] to determine the Curie temper-
atures in this study. As illustrated in Fig. 3, low field M3 (where M is 

Fig. 2. Temperature-dependent magnetization of Cu-permalloy alloy measured at 
2500 Oe. The magnetization was adjusted to zero to offset a small diamagnetic 
component resulting from the sample holder, and substrate.  
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the magnetization) vs H curves at various temperatures were plotted. 
For temperature above Tc, the shape of M3 vs. H is concave up, and 
for temperatures below Tc, the shape of M3 vs. H is concave down. At 
Tc, M3 vs. H is linear. As shown in Fig. 3, using this method we can de-
termine Tc within a few degrees. 

Fig. 4 summarizes the Curie temperature, saturation magnetization 
at 4.2 K, and coercive field (Hc) at 4.2 K as a function of permalloy con-
tent of co-sputtered Cu1–x(Ni80Fe20)x films. For the films studied, Hc is in 
the range of 120–150 Oe. In these types of alloys Hc is largely deter-
mined by domain wall motion and pinning which is extrinsic and influ-
enced primarily by defects, such as grain boundaries and dislocations, 
structural relaxation effects, chemical clustering, thickness variation/
surface irregularities, as well as exchange interaction or local anisot-
ropy fluctuations [19]. These effects are independent of temperature 
and lead to an essentially flat Hc vs. T curve. 

For permalloy content greater than 25%, Tc and Ms scale approxi-
mately linearly with Cu concentration (Fig. 4). For permalloy content 
below 25%, we were no longer able to extract reliable Tc values from 
Arrott analysis due to the small magnetization and significant noise. 

Fig. 3. Arrott analysis [13] was used to determine the Curie temperature (Tc) of 
Cu1–x(Ni80Fe20)x alloys. For temperatures above Tc, the shape of M3

 vs. H is con-
cave up, and for temperatures below Tc, the shape of M3

 vs. H is concave down. 
At Tc, M3

 vs. H is linear. The data plotted here came from a sample that contains 
35% Permalloy.  



Qader  et  al .  in  J .  Mag .  Mag .  Mat  442  (2017 )        8

Between 12% and 25% Permalloy content, Ms values scale with a re-
duced slope as shown in Fig. 4. 

Fig. 5(top) shows the magnetization measured in 5 kOe applied 
field as a function of temperature for two dilute permalloy alloys 
Cu70(Ni80Fe20)30 and Cu85(Ni80Fe20)15. Fig. 5(bottom) shows the magneti-
zation versus applied field graphs (M-H loops) measured on the same 
thin films. The M-H loops of the Cu70(Ni80Fe20)30 sample show the char-
acteristics of a ferromagnetic material: square hysteresis loops that 
have a large remanent magnetization Mr, and therefore large rema-
nent squareness Sq = Mr/Ms, along with clear magnetic saturation in 
relatively small fields. The 100 K MH loop for the Cu70(Ni80Fe20)30 shows 
a transition to characteristic properties of a superparamagnet: Hc ≈ 
0, Sq ≈ 0, and an S-shaped loop without magnetic saturation even in 
field as high as 5 kOe. A transition to superparamagnetic properties 
at T = 100 K is consistent with the Curie temperature of this sample Tc 

≈ 100 K. In contrast, the M-H loops for the Cu85(Ni80Fe20)15 exhibit the 
S-shape characteristic curves of a superparamagnet at all tempera-
tures measured down to as low as T = 2 K: essentially closed loops 
with no Hc, small Mr, and squareness (Ms/Mr), and a lack of magnetic 
saturation even to high fields. S-shaped loops are generally consis-
tent with the Langevin function used to describe the magnetization 

Fig. 4. Curie temperature (Tc), saturation magnetization (Ms) at 4.2 K, and coercive 
field (Hc) dependencies on Permalloy content of co-sputtered Cu1–x(Ni80Fe20)x films.  
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of superparamagnetic clusters [20]. The finite coercive field (Hc) at 2 
K for the Cu85(Ni80Fe20)15 film indicates that there is evidence of some 
ferromagnetic exchange coupling present in this inhomogeneous film. 
Based on these magnetic results, we conclude that the deviation from 
linearity observed in the Ms and Tc vs. NiFe content graphs (Fig. 4) oc-
curring for NiFe content ≤25% is likely indicating a transition to an in-
homogeneous NiFeCu mixture having regions of NiFe-rich material 
in a Cu-rich NiFeCu matrix. Such evidence for inhomogeneity seems 
reasonable given that Ni has complete solubility with Cu, while Fe has 
little to no solubility in Cu. 

This linear dependence of Tc and Ms on permalloy content is similar 
to the behavior found by models with nearest-neighbor interactions 
as a function of dilution of magnetic entities with a non-magnetic 

Fig. 5. (Top) Magnetization versus temperatures for 50 nm-thick Cu70(Ni80Fe20)30 (left) 
and Cu85(Ni80Fe20)15 (right) thin-films measured at a constant applied field of 5 kOe. 
(Bottom) The correspondence magnetization versus applied field for the same for 
50 nm-thick Cu70(Ni80Fe20)30 (left) and Cu85(Ni80Fe20)15 (right) thin-films.  
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host [5]. Specifically, in the Ising model, binary (±) spins are ran-
domly placed on a crystalline lattice. When the exchange interaction 
is restricted to nearest neighbors, a linear scaling of Ms and Tc is ob-
served. Furthermore, this diluted Ising model predicts that ferromag-
netic order disappears below a critical concentration of two magnetic 
nearest-neighbors per magnetic site, corresponding to a permalloy 
concentration of ~17% for the FCC lattice, in quantitative agree-
ment with the critical concentration shown in Fig. 4. Although the 
agreement may be somewhat  fortuitous, especially given the pres-
ence of spin fluctuations and other dynamical effects and the shape 
of the curvature as the critical concentration is approached, we be-
lieve that it gives insight into the physical nature of ferromagnetism 
in diluted magnetic materials. A more-realistic model would include 
spin fluctuations, as well as changes in the nearest-neighbor interac-
tions when the number of neighbors is reduced, and the influence of  
next-nearest-neighbor interactions. 

Despite the limitations mentioned above, simple models with fixed 
nearest-neighbor interactions are expected to be a reasonable approx-
imation when the number of unpaired electron at each Ni and Fe atom 
remains relatively constant as Cu content increases. Chien et al. show 
that this is found for the case for Cu-Fe system [21], although it would 
be surprising for the Cu-Fe-Ni systems. Strong hybridization and shifts 
in the d-electron levels for such system occur, similar to those found 
in Au when alloyed with Ni to make white gold. 

The observed linear relationship between Cu content, Tc and Ms is 
not found for other diluted Permalloy systems. For example, we found 
in Mo doped Permalloy made with similar method, at 14%  Mo (86% 
Ni80Fe20) content, Ms dropped by ~15%, from ~700 to 600 emu/cm3, 
while Tc has already dropped by almost 64% from ~900 to 325 K. 

The Cu1–x(Ni80Fe20)x resistivity at room temperature and 4.2 K are 
summarized in Fig. 6. The presence of a peak at x = 50%, far away 
from the ferromagnetic transition at x = ~20%, and the relatively low 
resistivity compared to other metal-permalloy systems, suggests that 
alloy scattering, rather than magnetic scattering, is the dominant scat-
tering mechanism in the majority channel of our films. In such alloy 
systems, the presence of one or more magnetic phases and disorders 
within the itinerant or localized spin systems will also cause scatter-
ing of conduction electrons. 

The presence of ordering in the alloy could potentially also cause 
local minima in Fig. 6’s resistivity versus alloy curve, although we note 
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that the presence of their characteristic superlattice peaks were not 
observed in the X-ray diffraction pattern. In any case, we note that 
this behavior is very distinct from Cu-Ni alloys where the resistivity is 
found to peak at the concentration where the ferromagnetic transi-
tion occurs, at 45% Cu [22–24]. Some caution should be exercised be-
fore coming to strong conclusions about the electrical data for these  
Cu1–x(Ni80Fe20)x alloys since the phase diagram [12] does show a 2 
phase region for 28% < x < 60%. 

We have not observed evidence of a Kondo minimum in the tem-
perature dependent resistivity of any Cu1–x(Ni80Fe20)x films that were 
measured. 

4. Theoretical results 

Electronic band structure calculations using the coherent potential 
approximation provide a fundamental basis for understanding the 
electrical and magnetic properties of the Cu1–x(Ni80Fe20)x alloys. Alloy 
scattering broadens out sharp quasiparticle levels and give them a 
width. Thus, the width of quasiparticle levels at the Fermi level are a 
direct measure of the alloy contribution to scattering of states there. 
In the CPA, broadening of a band by alloy scattering is given by the 

Fig. 6. The resistivity of Cu-Permalloy films at room temperature and 4.2 K for vary-
ing Permalloy content.  
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imaginary part of the self-energy at the quasiparticle peak. Prior stud-
ies have shown energy band structure and some other characteristics 
of pure permalloy, for example [25–27], are in agreement with our re-
sults for the pure permalloy case. 

For pure permalloy, we find scattering in the majority channel to be 
significantly smaller than in the minority channel. The weak scatter-
ing of the majority carriers explains the small resistivity of permalloy 
material. The presence of strong scattering of minority carriers at and 
near the Fermi level has important implications for spintronic devices, 
as well as the recently realized MRAM [8] and JMRAM devices [9–11]. 

The theoretical results in Fig. 7 indicate that alloying with copper 
does not significantly change the general shape of the bands, but 
does introduce a moderate amount of alloy scattering for majority 
carriers and a large amount for minority carriers, particularly for large 
copper content. The enhanced scattering in the majority carrier chan-
nel can explain the higher resistivity of Cu-permalloy alloys than pure 
permalloy. We do note that scattering in copper-permalloy alloys is 
still lower than other metal-permalloy alloys [28]. 

One particular advantage of the LMTO method is that it gener-
ates from the potential a parameterized form of the scattering phase 
shift. These parameters (traditionally called ‘‘potential parameters”), 
define the Hamiltonian as shown below. There are two dominant pa-
rameters, C and ∆, which control most of the physics of the density-
functional Hamiltonian. These parameters thus supply a great deal of 
physical insight, and are constructed in the following way (further de-
tails can be found in [15]). 

We construct the “muffin-tin” orbitals that are continuous and dif-
ferentiable in the form 

χRL (ε, κ, r) = YL(
^rR)

 { NRl(ε)ϕRl(ε, rR) + PRl(ε)Jl(κ, rR),      rR < s 
                                        Kl(κ, rR),                                      rR > s 

s is the nucleus radius, ε is the energy, κ is a “wave number,” YL are the 
spherical harmonics, NRl and PRl(ε) are coefficients fixed by requiring 
that the value and slope are continuous at rR = r – R. The PRl are called 
“potential functions” and play a central role in constructing eigenfunc-
tions. Information about P can be encapsulated in a small number of 
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Fig. 7. Energy versus crystal momentum (k) band structure of the majority (left) and 
minority (right) bands. Broadening of the imaginary part of CPA self-energy (color 
bar, Ry) of majority (left) and minority (right) bands due to the alloy scattering. The 
width of the lines at the Fermi level (E = 0) is inversely proportional to the lifetimes 
of electron bands.  
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parameters: after linearizing the energy dependence of ϕ it can be 
parameterized to the second order in ε as 

P
~
(ε) =  (   ∆     + γ )–1

              ε – C

where γ, C and ∆ are called “potential parameters” that parametrize 
P. There is one value of γ, C and ∆ for each atom, orbital quantum 
number l, and spin. For alloy scattering, the crucial quantity will be 
how C varies between Cu, Fe and Ni in the d channel [28]. Any lin-
ear combination of χRL can be taken as a trial solution to Schröding-
er’s equation: Ψ(ε, κ, r) = ∑

RL zRL χRL (ε, κ, r).  χRL are Hankel functions 
that may be expanded about the origin as a linear combination of 
Bessel functions jL 

hRL(κ, r) = ∑ SLM(E, R) jL (κ, r)
                                             M

The trial eigenfunction Ψ defined this way has a one-center expan-
sion inside the sphere R

ϕRL(ε, r) NRL(ε)zRL ) + [ JRL (E, r)PRL(ε)zRL – ∑SRL′,R′L(E)JRL′ (E, r)zRL ] 
                                                                                                                  L′

which satisfies Schrödinger’s equation if the second and the third 
terms cancel. This leads to the “tail-cancelation” theorem [28] 

∑ [PRL(ε)∂R′L′,RL  – SR′L′,RL(E)] zRL = 0  
RL

ASA-tail cancelation reduces the problem to the form of the linear 
algebraic eigenvalue problem. A non-trivial solution of this problem 
requires the determinant of the matrix P – S to be 0. Using the pa-
rameterized equation for P leads to the following linear algebraic ei-
genvalue problem 

h
~
ψ = εψ ,   with   h

~
 = C + √—∆ (S–1

 – γ) –1
  √

—∆    

Since parameter S is determined only by the crystal structure, the 
sources of fluctuations here are only parameters C and ∆. 
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The band parameter C is analogous to the on-site energy in tight-
binding theory and is the band center of a partial wave; ∆ is the band-
width parameter. Of particular relevance here is the parameter C for 
the transition metal d states. In these alloys, by far the largest deter-
minant of alloy scattering is the mismatch in C between the alloy con-
stituents (see Fig. 8). This is expected because the mismatch is large 
(of order 1 eV), and it is borne out in the calculations below. 

In the magnetic case, C splits into one energy level for each spin, C↑
 

for the majority spin and C↓
  for the minority spin. The average value 

(C↑
 + C↓)/2 is approximately independent of the local magnetic mo-

ment, m, and is deeper in energy as one moves to the right across 
the d series. The splitting (C↑

 + C↓)/2 is weakly dependent on Z, but is 
strongly dependent on the magnetic moment m. The Stoner param-
eter, I, can be defined in this theory as I = ∂(C↑

 – C↓)/∂m. For the 3d 
elements, I is close to 1 eV. Thus the splitting (C↑

 – C↓) can be directly 
related to the local moment.  

Fig. 8 shows C↑
 and C↓

 for Cu1–x(Ni80Fe20)x alloys. Several points are 
evident: 

▪ The average value on a site, (C↑
 + C↓)/2 is deepest in Cu (Z = 29), 

higher for Ni (Z = 28), and considerably higher for Fe (Z = 26). 
The average value on all sites is approximately independent of x. 

Fig. 8. The potential parameter, C, representing the d band centers of Fe, Ni, and 
Cu for majority (up) and minority (down) spin. Figure shows a large misalignment 
of the bands between alloy constituents causing strong scattering of the minority 
carriers at and near the Fermi level.  
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▪ The spin splitting on the Fe site (C↑
 – C↓) is robust and indepen-

dent of x. This is because Fe has a strong local moment that is 
weakly dependent on environment. 

▪ On the Ni site, (C↑
 – C↓) depends on the Cu concentration. The 

splitting is several times smaller than for Fe because the local 
Ni moment is smaller by a similar factor. Moreover the splitting 
decreases with increasing x because addition of Cu quenches 
the Ni moment. 

▪ On the Cu site, (C↑
 – C↓) is very small. Cu, with its filled d shell, 

has almost no local moment. 

As noted above, the misalignment in the value of C among alloy 
constituents is the primary source of scattering. Since alloy scattering 
is strong, other sources of scattering such as spin-orbit coupling are 
much weaker (which can be seen by the size of spin-orbit corrections 
to Hamiltonian), and to a good approximation we can consider the 
spin channels as almost independent. With Fig. 8 in mind, compare 
the mismatch in C↑

 in the series Fe-Ni-Cu. Ni is higher than both Fe 
and Cu. For C↓, Ni sits between Fe and Cu. There is a large mismatch 
for both; for this reason we expect the minority channel lifetime to 
be much smaller than the majority, as is borne out in the calculations. 

Fig. 9a shows the change in total magnetization as a function of x 
and y in CuyNi1–x–yFex alloys. As expected, the local magnetic moment, 
m, increases with x and decreases with y. The calculated results track 
reasonably well the experimental values, though they are somewhat 
larger. The discrepancy with experiment probably originates from the 
LDA’s neglect of spin fluctuations, which causes m to be overesti-
mated [29]. 

Fig. 9b shows the scattering lifetime of the minority spin near X, 
estimated from the width of the spectral function for a quasiparticle 
level crossing the Fermi level near X. See the minority spin band struc-
ture near X, Fig. 7. The lifetime decreases with either Fe or Cu concen-
tration, as alloy scattering increases. Fig. 9c shows the composition-
weighted sum of magnetic exchange parameter J0, which is a measure 
of the cost to rotate a single spin in the system. 2/3 J0 gives us an ap-
proximate estimate of Curie temperature Tc, from a mean field analysis; 
see Figs. 9d and 10. This estimate for  Tc scales well with experimental 
results (Fig. 4) apart from a constant scaling factor. This discrepancy 
between measured and calculated values is a consequence of the fact 
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Fig. 9. Change in  
a) magnetization,  
b) lifetime,  
c) exchange, and  
d) Curie 
temperature Tc 
with the variation 
in the Fe (x-axis) 
and Cu (y-axis) 
content in 
CuyNi1–x–yFex. The 
lifetime (b) refers 
to the minority 
spin channel.  

a)

b)

c)

d)
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that the estimate does not take into account longitudinal spin fluctu-
ations which reduce the magnetic moment in itinerant magnets. In-
deed, in elemental Ni, the average local moment approaches zero as 
T→Tc., and only a rapidly fluctuating moment survives. Table 2 sum-
marizes the magnetization, lifetime and exchange parameters de-
termined from the Local Density Approximation methods using the 
LMTO and CPA formalisms. It can be seen that the majority spin life-
time (calculated for a quasiparticle level crossing the Fermi level left 
to the X-point, see Fig. 7) is considerably longer than the one for the 
minority spin [30]. 

Fig. 10. Curie temperature (Tc) and magnetization (M) dependencies on Permalloy 
content of Cu1–x(Ni80Fe20)x obtained by CPA calculations.    

Table 2. Magnetization, lifetime and the composition-weighted sum of exchange parame-
ters determined from the Local Density Approximation methods using the LMTO and CPA 
formalisms. 

Alloy 	                    M     τup ×10–15
, s   τdown ×10–15, s     J0, mRy     J0 (Fe)     J0 (Ni)     J0 (Cu) 

Ni99Fe1 	 0.62 	 24.4 	 10.7 	 3.32 	 12.09 	 3.24 	 – 

Ni80Fe20 	 1.00 	 23.5 	 1.78 	 5.28 	 11.19 	 3.80 	 – 

(Ni80Fe20)80Cu20 	 0.75 	 16.2 	 1.15 	 3.19 	 8.66 	 2.51 	 0.10 

(Ni80Fe20)60Cu40 	 0.54 	 13.0 	 0.97 	 2.00 	 6.73 	 1.86 	 0.06  
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5. Conclusions 

To summarize, the magnetic, chemical and electrical properties of Cu1–

x(Ni80Fe20)x thin films were measured. Cu1–x(Ni80Fe20)x alloys with x greater 
than 25% are found to be ferromagnetic. Ms and Tc of these materials 
are found to scale linearly with permalloy content. Alloys with x be-
tween 12% and 25% are found to have properties characteristic of su-
perparamagnetic behavior: S-shape characteristic curves with no or 
small Hc, small Mr, and small squareness (Ms/Mr), and a lack of mag-
netic saturation even to high fields. The theoretical results show that 
the introduction of Cu into the permalloy lattice results in very strong 
spin scattering in the minority spin channel, while only moderate scat-
tering in the majority channel. Thus, the observed much higher resis-
tivity of copper-permalloy alloys over permalloy is from the moderately 
enhanced scattering of the majority spin channel. From these observa-
tions, we can conclude that Cu1–x(Ni80Fe20)x alloys appear to be attrac-
tive weak ferromagnetic materials for use in low temperature magne-
toelectronic applications.     
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