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When suitably alloyed, ferromagnetic-nonmagnetic (FM-NM) and ferromagnetic-ferromagnetic (FM-

FM) alloys display remarkable saturation magnetization and magnetoresistance (MR). They also possess 

the ability to form well defined, unique micro and nano structures over a wide temperature range, and 

when prepared under closely controlled condition. This review aims to provide insights on how to synthe-

size macro and nano structures from the nano particles Co-Ag, Co-Cu, Co-Au, and Fe-Co alloys under con-

trolled condition and explores magnetic and MR characteristics of thus synthesized micro and nano alloy 

structures - including giant MR, and saturation magnetization. Fabrication of these alloy based micro and 

nano structures was conducted using pulse-current deposition. Characterization was carried out using vi-

brating sample magnetometer, X-ray diffractometer (XRD), and rf-SQUID meter. XRD profiles and other 

characteristics of variously prepared nanostructures are compared in terms of particle size and lattice con-

stant. Results suggest that both the increase in MR and saturation magnetization in FM-FM based alloys 

strongly depend on particle size and lattice constant in micro and nano structures.  

This manuscript reviews the presence of a variety of MR effects in nano-structures of FM-NM alloys 

and it also investigates the relationship between saturation magnetization, alloy composition, and lattice 

constant, also referred to as crystallographic state of the constituent element, employing phase diagram. 

Results presented in this review suggest that these nano-structures can potentially be employed to create 

next generation of bio-magnetic devices for bio-medical and electronic applications due to the ease of fabri-

cation and low cost associated with their preparation as opposed to presently available similar material 

used for biomedical application. 
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1. INTRODUCTION 
 

A large number of new alloys in the form of compo-

sition-modulated structures such as nanowires, nano-

rods, and nanoparticles have been found to exhibit in-

teresting electrical and magnetic properties - including 

giant magnetoresistance (GMR), super-

paramagnetism, high saturation magnetization (Ms) as 

compared to traditionally synthesized similar alloys. 

And, in particular, these alloy based nano-structures 

and micro-structures exhibit interesting functional 

magnetic characteristics that varies with preparation 

conditions, chemical composition, layer thicknesses and 

deposition methods [1-21]. The properties of these nano 

and micro based structures, and in particular, proper-

ties of those ones that are fabricated under carefully 

controlled conditions, suggest that they can be em-

ployed in making a variety of devices including Hard 

drives for computers, MR sensors for automobiles, 

spintronics for magnetic memory, and biosensors for 

bio-nanomagnetic-based medical devices. However, it is 

not yet clear how and to what extent physical proper-

ties of these nano structured alloys can be manipulated 

by growth mechanism, layer thicknesses, composition, 

and it is for this reason this work finds its scientific 

merit and technological usefulness. 

Depending on the way they are alloyed, Ferromag-

netic alloys are classified into two broad categories:  

i) Dispersed and Emulsified Ferromagnetic (FM) 

granules in non-magnetic (NM) material referred to as 

FM-NM alloys. These are best known for their GMR 

effect as a result of coupling between 4-s and 3-d elec-

trons within the structure and the scattering of elec-

trons at the interface that in turn depends on particle 

sizes and inter-particle distances. 

ii) Dispersed and embedded granules in Ferromag-

netic (FM) material, and they are referred to as FM-FM 

alloys. These are best known for their high saturation 

magnetization at room and low temperature. 

The MR effect in FM-NM alloys can be either posi-

tive (in case if it increases with electrical resistivity) or 

negative (if it decreases with electrical resistivity) and 

this depends on metal type, alloy composition, electron-

ic configuration of the metal used to fabricate it, and 

the physical structure – including on size and shape of 

particles used for their synthesis and inter-particle 

distance. The MR of the nano structure also depends on 

direction of applied field, H, and orientation of magnet-

ic moment, M, with respect to the polarity of current, I, 

employed for deposition during its/their synthesis. 

Six categories of MR have been discovered so far: (i) 

ordinary MR (OMR), (ii) anisotropic MR (AMR), (iii), 

giant MR (GMR), (iv) spin hall MR, (v) tunnel MR 
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http://sumdu.edu.ua/
mailto:lyutyy@oeph.sumdu.edu.ua
mailto:bir_nir@yahoo.com


 

CONRAD RIZAL, BORIS B. NIRAULA J. NANO- ELECTRON. PHYS. 7, 04068 (2015) 

 

 

04068-2 

(TMR), and (vi) colossal MR (CMR) [22]. MR effect sig-

nificantly changes with changes in materials used and 

deposition mechanism. This paper briefly reviews the 

first three categories of MR that are more relevant to 

metals and alloys. 

OMR effect, usually demonstrated by NM metals, is 

an increase of electrical resistivity. The resistivity is 

always positive in this case due to an external magnet-

ic field, which is usually independently of its direction. 

It arises, especially in NM metals from cyclic motion of 

electrons due to the Lorentz force. Typically, the OMR 

effect in metals is proportional to the square of H, i.e., 

OMR  H2, when the product of cyclotron frequency, c, 

(c is defined as eH/2me, where e and me are the charge 

and the mass of the electron, respectively) and relaxa-

tion time, τ, is much smaller than unity. This kind of 

effect is specifically exhibited by metals that do not 

possess spontaneous magnetization, such as Cu, Ag, 

Au, Mg, Zn, Cd, Ga, Ti, Sn, Pd, Pt. The effect is very 

small at applied H field below 1 kOe, however, it be-

comes very large at applied H fields over 1 kOe.  
 

 
 

Fig. 1 – GMR effects in Co-Cu alloys: Reproduced with per-

mission from [2] 
 

Also, the transverse resistivity, ⊥, i.e., the resistivi-

ty when H  I, is always larger than the longitudinal 

resistivity, , i.e., the resistivity when H  I, though 

there is no unique theory to explain why this is the 

case. In addition, the magnitude of OMR is tempera-

ture sensitive. For example, the effect is much larger 

below room temperature, due to decrease in scattering 

of the thermal-phonon. For further information on 

OMR, readers are referred to [23, 24]. 

Unlike the OMR effect, the AMR effect, in which 

the electrical resistivity, , can be positive or negative, 

and it depends on the relative angle, , between  the 

magnetization, M, and the magnitude and polarity of 

deposition current, I, employed for fabrication of these 

alloys. Electrical resistivity and AMR are related, and it 

is one of the most important and fundamental character-

istic of 3-d transition metals and their alloys [12, 13]. 

AMR ratio is measured to evaluate the amplitude of 

electrical resistivity effect, and is defined as, /  [( –

 )/]  100 %, where  and , represent, respectively 

resistivity for the M  I and M  I [25]. 

Theoretically, the AMR ratio is derived by con-

sidering the effect of  and it can be due to the scat-

tering of the s-d electrons. It is generally believed 

that the conduction electrons are scattered into local-

ized d states in the presence of impurities or external 

factors such as applied H fields. Also, unlike s-

electrons display, the d-state electrons, exchange 

field, Hex, and s-d electron interaction, i.e., LS, 

where  is the s-d coupling constant, L is the orbital 

angular momentum, and S is the spin angular mo-

mentum, each expressed in 3-axes. Several theoretical 

models have been proposed to account for the AMR 

effect in metals and their alloys. Examples are the 

Campbell-Fert-Jaoul (CFJ) model [26] for weak ferro-

magnets and Malozemoff extended CFJ model [27], 

and, these are applicable for both weak and strong 

ferromagnets. Since a detail theoretical description of 

the AMR effect in metals and their alloys is beyond 

the scope of this review, interested readers are ad-

vised to read recent papers by Kokado et al. [25, 28]. 

As shown in Fig. 1, the giant magneto-resistance 

(GMR) effect, defined as [0(0, T) – (H, T) / (0, T)]  100 %, 

where (H, T) and (0, T) denote resistivity of the alloy at 

the demagnetized  and magnetized states, respectively, 

was first discovered in Co-Cu granular alloys [2], soon 

after it was discovered in layered structures [29-31]. At 

the same time, GMR was reported in Co-Ag alloy sys-

tem [3, 32]. This generated significant interests in new 

GMR granular material and, in particular, interest in 

pulsed-current electrochemical deposited FM-NM 

granular alloys is prompted by a few important consid-

erations such as, possibility of fabrication of high quali-

ty granules at room temperature, possibility of deposi-

tion of  alloy films  at room temperature,  fast granule 

growth rate, ease in  operating  electrochemical devices 

and possibility of having a high degree of control over 

deposition process [33-35]. For further information on 

the pulsed-current deposition, interested readers are 

advised to read previous papers by our research 

groups [6, 8, 10, 36-41]. 

Figure 1 shows H dependence of MR for three dif-

ferent Co-Cu alloys at H  20 kOe and T  100 K (a, b) 

T  10 K (c), both at maximum  (that is at demagnet-

ized state) and minimum  (magnetized condition). The 

inset (c) shows an enlarged view of the MR when the 

samples are in H  I. It is believed that a maximum 

GMR is observed when all the particles in a sample are 

ferromagnetically aligned with the direction of applied 

H fields. 

Unlike in multilayer, where geometrical parameter 

including layer thickness, defines the GMR effect, due 

to the heterogeneous nature of the granular alloys, the 

GMR effect in these are defined by factors such as par-
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ticle size and particle size distribution, and their state 

and degree of magnetization (such as super-

paramagnetic, SPM, and ferromagnetic, FM, i.e, non-

SPM particles), as well as inter-particle distances.   
 

 
 

Fig. 2 – The GMR mechanism in the granular alloys: super-

paramagnetic (circles) and ferromagnetic (ellipsoids) particles. 

Reproduced with permission from [42] 
 

SPM particles are single domain magnetic particles, 

with d ≈ 3 to 50 nm, where M can easily flip its orienta-

tion under small changes in T, as given by Néel relaxa-

tion time, N, which is equal to 0exp(KV/kBT), where 0 

is attempt time, and it usually lies between 10 – 9 and 

10 – 10 seconds, K is the nanoparticle’s magnetic anisot-

ropy constant, V is volume, kB is the Boltzmann’s con-

stant ≈ 1.38064  10 – 23 J⋅K – 1, and T is the tempera-

ture [43, 44]. The ∑M of the SPM in the alloy appears 

to be zero in average at H  0. 

Fig. 2 shows a schematic of a FM-NM granular al-

loy that consists of both SPM and non-SPM (FM) nano-

particles, imbedded in a non-magnetic (NM) matrix 

[42]. The arrows attached to each SPM granule indi-

cates a random orientation and the fluctuation of M in 

alloy samples, as determined by their atomic composi-

tion, particle size, d, inter-/ intra-particle distance, t, 

and the density, δ, of constituent particles. Also, it is 

believed that the conduction electrons usually get po-

larized by the SPM nanoparticles and these can under-

go multiple spin-dependent scattering depending on 

how its M are aligned with the spin of SPM particles [9, 

45]. It means that the GMR of the alloy depends not 

only on overall size of these SPM particles but also on 

scattering of conduction electrons at the interface be-

tween the FM and NM particles [46]. When an H field 

is applied to the alloy, the M of the non-SPM particles 

(as indicated by long white arrows) rotate towards the 

applied H fields. Also, even at high H fields, the M of 

the SPM particles, however, are not fully saturated and 

stay at an angular position with respect to the direction 

of applied H fields. It is important to note that the SPM 

particles depicted in Fig. 2 using dotted arrows become 

SPM only above the blocking temperature, TB; it is the 

temperature at which the magnetic moment of the 

SPM particle freeze to rotate, i.e., in this case the 

measured M will be equal to instantaneous M of the 

SPM. It implies that it is the temperature at which the 

transition occurs between the SPM and blocked state 

below TB, and it, in turn, means that SPM are still fer-

romagnetic. It is generally believed that, below TB, it is 

the critical diameter of the particles, d, that acts as a 

boundary between the SPM and FM particles. 

Mathematically, the SPM particles can be meas-

ured in: i) Volume fraction, Vx in the alloy, whose value 

can vary anywhere between 0 and 1, and ii) Average 

particle diameter, d  2  r, where r is the particle ra-

dius. Both Vx and r can be experimentally controlled by 

optimizing various deposition parameters such as, 

pulsed current width and height, and deposition condi-

tions such as, electrolyte composition, T, pH, etc. These 

are further discussed in Section 2.1. 

Let us first examine the effect of particle sizes on 

the GMR alloys. For simplicity let us assume that all 

SPM particles are of spherical shaped and can be calcu-

lated as, N  2Vx / d3, where N is the total number of 

particles. The average SPM particle separation, t, is 

given approximately as: t  (2/Vx)(1/3)  d. Note is to be 

made that t is crucial in determining  both the magni-

tude of M and MR properties of any granular system. It 

in turn implies that both the Vx and d contribute to the 

magnetic interaction and interfacial electron spin-

dependent scattering of the conduction electrons, and, 

thus, contribute to both the Ms and GMR. Using the 

surface (S) to volume (Vx) ratio, the total S of any SPM 

particles, can be given as, S  6Vx/d, and is more accu-

rate for uniformly distributed SPM particles [46]. 

The spin dependent MR effect has its origin on scat-

tering of conduction electrons and it is yet another im-

portant characteristic of ferromagnetic multilayers that 

can be extended to the FM-NM alloys and nanoparti-

cles, where the electron scattering strongly depends on 

the interface states between FM and NM grain bound-

aries. When mean free path of the conduction electrons 

becomes smaller than the diameter of the FM grains in 

the alloys or nanoparticles, the probability of electron 

scattering at the interface increases, resulting in a 

higher ρ in alloys. If we aim to define the spin orienta-

tion of 4-s conduction electrons for the magnetic parti-

cles (i.e., non-SPM particles) in parallel state (↑↑) (spin-

up, ↑) or anti-parallel (↓↓) (spin-down, ↓) with respect to 

the direction of the M of these particles, for spin ↑ elec-

trons, the contribution to its ρ becomes high due to 

higher rate / degree of scattering, while for spin ↓ elec-

trons, the contribution to its  becomes low.  

When one aims to define the  of the spin-up and 

spin down electrons, as + and −, respectively, and the 

 of the magnetic non-SPM and that of the SPM parti-

cles, the total resistivity is given by,   ns + s. Theo-

retical description of MR in alloys is beyond the scope 

of this review, and interested readers are referred to 

Ref. [46]. Experimentally, the  arising from the spin-

dependent scattering can be controlled using external 

H fields.  

It is also important to investigate how the GMR in 

FM-NM alloys and the saturation magnetization of the 

FM-NM alloys are linked to the atomic composition and 

crystal structure in the alloys and alloy based thin 

films. Equilibrium phase diagram of Co-Cu indicates 

that the solubility of Co-Cu solid phase at the eutectoid 

temperature, 422 C, is 0.04, 0.10, and at 99.96 % Cu 

for -Co, -Co, and Cu phases, respectively [36]. The 

Curie temperature of Co is 1121 C and it decreases 

when Cu is added to it. Because of the small difference 

between the lattice constant of -Co and Cu for both 

the super-saturated solution if prepared electrochemi-

cally [38] and for a single phase solid solution if pre-

pared using high vacuum vapor deposition method [47]. 
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In general, magnetic properties of Co-Cu alloys are 

closely related to micro-structure and atomic composi-

tion (at. %) of Co and Cu [48]. GMR of up to 4.0 % for 

the electro-deposited [49] and 6.3 % for the pulsed-

current deposited Co-Cu alloy films has been reported 

at room temperature [38]. 

The equilibrium phase diagram of the Co and Ag 

shows that the metastable fcc-structure [50, 51] for a full 

composition range. The electro-deposited alloys can be 

precipitated to produce phase-separated fine particles at 

all composition range. They show a -Ag structure for up 

to 85 % Co and a -Co structure above it [7]. The room 

temperature GMR of up to 5.1 % has been observed for 

as-deposited Co-Ag alloys prepared using pulsed-current 

deposition [7]. The micro-structural and saturation 

magnetization properties are found to strongly depend 

on atomic composition of Co and Ag in alloys [52], and 

this aspect will be further discussed in Section 3.  

As in the case of Co-Ag alloys, experimental evi-

dence suggests that meta-stable Co-Au alloys can be 

grown below 420 C [47]. The equilibrium phase dia-

gram also shows that they are immiscible up to 420 C. 

The maximum solubility of Co with Au at 996.5 C is 

only 23 at. % [47]. Thus, instead of forming a solid solu-

tion, a suitable mixture of Co and Au can be made in 

equilibrium at room temperature using the pulse cur-

rent electrochemical deposition method and when 

nano-sized particles are used. As is usual for most al-

loys, magnetic properties of Co-Au depend on film mi-

cro-structure and on composition ratios of Co and Au. A 

GMR value of up to 4.5 % has been reported for pulsed-

current deposited Co-Au alloys [45]. 

A comparison between the OMR, AMR, and GMR 

effects shows distinctly intriguing and interesting 

characteristics in 3-d transition metals and their al-

loys. Unlike the OMR and AMR effects, the GMR effect 

is always negative, and independent of the direction of 

H and polarity of applied deposition current, I used 

(the GMR in FM-NM alloys is isotropic), and is qualita-

tively different from both the OMR and AMR effects 

[18, 46, 53, 54]. Likewise, the characteristics of the 

GMR in FM-NM alloys is significantly different from 

the OMR and AMR characteristics of NM metal and 

FM-NM alloys, and as well from that of the anisotropic 

GMR effects in FM / NM multilayers. The AMR in 

metal and alloys is attributed to the spin-orbit (s-d) 

interaction at H  0 and the orientation of M with ap-

plied deposition current I at H ≠ 0 whereas the GMR in 

alloys is considered to be due to the spin-dependent 

scattering (s-s or s-d) effect at the FM and NM granules 

interface. 

Like the GMR effect in FM-NM alloys, the FM-FM 

alloys (e.g., Co-Fe, Fe-Ni, and Ni-Co), exhibit AMR ef-

fect and high saturation magnetization, Ms [55-57] in 

both layered and nano-particle based structures such 

as nanowire and nanoparticles. Although the magni-

tude of AMR is small, if alloyed appropriately, FM-FM 

alloys, especially the Fe-Co alloys, display a large Ms, 

which is usually well above the Ms of the individual 

ferromagnets at room temperature [8, 58]. The large Ms 

in these alloys make them very attractive for their ap-

plications in hospitals, for example, in early disease 

detection of chronic diseases. However, there are two 

problems in Fe-Co alloys produced so far: one is that the 

grain sizes are larger than the sizes of the biomolecule 

cells and the other is that the maximum room tempera-

ture saturation magnetization, Ms, is still low, primarily 

due to the formation of oxide during the growth. These 

issues have significantly limited their use in biomagnetic 

sensing and drug delivery, for example. Furthermore, 

the relationship between the internal state of Fe-Co al-

loys and Ms has not yet been fully understood, and the 

questions as to how the Ms of these alloys can be en-

hanced, remains unanswered. 

As in the case of FM-NM alloys, the Ms of FM-FM 

alloys is strongly linked to their microstructure, which 

in turn is related to their phase relationships they ex-

hibit-including alloys of Fe-Ni, Ni-Co, and Co-Fe. The 

Fe-Ni phase diagram shows a solid solution of -Fe-Ni 

above 912 C. Below 912 C, pure -Fe exhibits a phase 

transition to the -phase [59]. Ni-Co alloy systems ex-

hibit complete solid solution in the -phase tempera-

tures range, including its solid-allotropic transfor-

mation temperature of  to  (closed-packed hexagonal) 

phase. However, to date  to  phase transition tem-

perature boundary has not been established yet, be-

cause of the difficulties in achieving equilibrium at low 

temperature. Maximum solubility of Ni with Co is 

5 at. % at 250 C [60]. 

Between the three types of FM-FM alloys, the phase 

diagram of the Fe-Co alloy system has been extensively 

studied, especially in the temperature range of 400 to 

800 C. However, the phase diagram is not straight 

forward. What is interesting and important is that the 

 to  transition as well as  and  phase equilibrium 

extends to low temperature [61, 62]. 

As far as studies are concerned, most studies in this 

area are concentrated in enhancing Ms, by varying mix-

ing ratios of these alloys. While it is known that 3d 

electrons are responsible for the high Ms in the Fe-Co 

alloys, a little attention has been paid to the investiga-

tion of relationship between degree of magnetization 

and the lattice constant, a. In addition, with the excep-

tion of the large Ms reported at low temperature, little 

progress has been made in improving the Ms of these 

alloys at room temperature. 

It is a well-established fact that the physical prop-

erties (e.g., MR, Ms, a, optical properties, e.g., permit-

tivity, , etc.) of both the FM-NM and FM-FM alloys 

discussed above to some degree depend on factors such 

as method of synthesis, materials used and their com-

position, substrate type when films are deposited, and 

the size and size distribution of the particles. It is to be 

noted that most FM-NM and FM-FM alloys reported in 

literature have been produced using methods such as 

non-equilibrium melt-spun [63], mechanical alloying [4, 

6], high vacuum sputtering [64-68] and e-beam evapo-

ration [69], and electrochemical precipitation methods 

[48, 70-79]. 

Pulsed-current deposition is an electrochemical pre-

cipitation method [79-82] that has added advantages 

over all the non-equilibrium and physical deposition 

methods. And, specifically, it is useful for the deposi-

tion of composition modulated FM-NM and FM-FM 

granular alloys with controllable granule size and 

shapes. And, what more is that intended results such 



 

FERROMAGNETIC ALLOYS: MAGNETORESISTANCE… J. NANO- ELECTRON. PHYS. 7, 04068 (2015) 

 

 

04068-5 

as controllable film thickness, growth rate, grain shape 

and size can be achieved using this method from a sin-

gle electrolyte system, containing two or more ele-

ments, both at room and elevated temperatures, and it 

is this aspect of magnetic material that is the focus of 

this review. The beauty of this method is that by con-

trolling the pulse height and pulse width, various com-

positionally modulated alloys and uniformly distribut-

ed nano particles can be produced in all kinds of shapes 

and geometries. This deposition technique comes with 

additional advantage such as ease of deposition and 

controllability, and it also offers the possibility of pre-

cipitating various immiscible and non-equilibrium al-

loys with a periodicity down to the atomic level [83-85]. 

The review is organized as follows: The first part 

starts with a brief background of MR in metals and in 

FM-NM alloys, taking consideration of how electrical 

resistivity and magnetism are inter-related, both at 

room temperature (293 K) and elevated (723 K) tem-

perature. It is followed by a brief discussion on particle 

size distribution dependent resistivity / conductivity of 

the alloyed nano-structure and granular alloys, tech-

niques used in producing granular alloys, exploration 

of their characteristics such as MR and magnetic 

measurements, and characteristics of alloyed micro-

structures fabricated using controllable electrochemical 

technique and under controlled deposition. It surveys 

published results, especially in the last 3 decades, and 

in particular on inter / intra-relationship between the 

magnetic properties such as Ms and MR, and lattice 

constant of alloys such as Co-Ag, Co-Cu, Fe-Cu, and Co-

Au. In the second part, this review underlines the im-

portance of FM-FM alloy and a special attention is paid 

to Fe-Co alloys. The relationship between the Ms and 

lattice constant reported in the recent works of Fe-Co 

alloys, prepared using controlled pulsed-current electro-

chemical method and its role in enhancing the Ms by 

means of control over grain size and grain size distribu-

tion, and about the possibility of obtaining well-ordered 

alloyed structures in atomic scale when electro-chemical 

pulse current deposition technique is employed. The 

review concludes with the summary, potential applica-

tions, and future prospects of ferromagnetic alloys. 

 

2. PREPARATION, MEASUREMENT AND 

CHARACTERIZATION 
 

2.1 Preparation and Composition Analysis 
 

Because of its simplicity, low cost, and a high de-

gree of possibility of control over deposition condition, 

Pulsed-current deposition technique is one of the most 

useful methods for growing metals and metal alloys on 

the atomic scale, using a single electrolyte and at room 

temperature. Although finding a suitable deposition 

condition is a challenging task, it is proven to be a 

promising method for producing magnetic alloys and 

films by having the possibility of control over deposi-

tion parameters. In addition, it shows several merits 

over galvanostatic method (constant-current), deposi-

tion using vacuum techniques such as e-beam evapora-

tion, rf-sputtering, etc., and techniques that use elevat-

ed temperature for alloy deposition. Furthermore, it 

offers the opportunity of precision in making alloys on 

an atomic scale. The electrical, magnetic, and micro-

structure properties can be easily manipulated by 

regulating the film composition, pulse amplitude, 

and pulse width. In addition, no extensive training is 

required to synthesize nanostructured alloys. Grain 

sizes of the alloys are optimized by the pulsed-current 

deposition method, and are found to be smaller and 

finer than those grown using the vacuum evaporation 

and constant-current methods. These benefits make 

pulsed-current deposition one of the most preferred 

alloys deposition methods, when producing high 

quality alloys in the form of layered films, nano-wires 

or nano-pillars and nano-particles. 

Fig. 3(I) shows a typical pulsed-current waveform 

where, J is the current density (A/m2), t is the deposi-

tion time (ms), TA is the time, during which the current 

is applied, and TB is the time, during which no current 

is applied. Similarly, JA is the current density during 

the period of TA, JB is the current density when no cur-

rent is applied, and Javg is the average current density. 

Note is to be made that by adjusting the deposition 

time and the amplitude of the current density composi-

tion modulated alloys of two or more elements with 

various compositions and thicknesses can be prepared 

using this method. 

Fig. 3(II) on the top shows a schematic for the gener-

ation of pulsed-current. It consists of four major parts: a 

microcomputer, a D-A converter, a regulator (a constant-

current circuit.), and an electrochemical cell. As shown 

in this Figure, a digital signal is fed through the pro-

grammable microcomputer which in turn feeds the D-A 

converter. The out going analog signal from the D-A con-

verter is then fed to the regulator. The output signal 

from the regulator is then passed into the electrochemi-

cal cell, where the deposition takes place at the electrode 

that acts as a substrate as well. As shown in the Figure, 

it consists of a single electrolyte with two or more metal 

elements in it. Fig. 3 (III) is the enlarged view of the 

electrochemical cell consisting of metal A and B in a sin-

gle electrolyte. 

Note: all the FM-NM and FM-FM alloys reviewed in 

this paper were prepared using the pulsed-current dep-

osition method. The principle of pulsed-current deposi-

tion for the alloy is similar to the principle of  pulsed-

current deposition for the multilayers we reported ear-

lier [10, 39, 80, 87] except that the pulse current width 

(i.e., deposition time) for the alloy deposition is much 

smaller (up to 0.01 ms) as opposed to pulse current 

width used for the multilayers [88].  

Fig. 3 (IV) shows the principle of pulsed current 

deposition where the x-axis is the electrode potential 

(corresponding to the current density), the y-axis is 

the deposition time, and the layer thickness of the 

film is related to deposition time. The principle of 

composition modulated alloy deposition is as follows: 

At an applied potential VA, the metal A is deposited 

but at a potential V(A + B), an alloy of metals A and B is 

deposited instead. By changing the current density 

(potential) alternately between these two values, any 

combinations of composition modulated alloys and nano-

particles can be produced. The beauty of this process is 

that by controlling the pulse amplitude and pulse width, 

one can produce a variety of combinations of alloys, at an 

atomic scale, from a single electrolyte and at room 
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Fig. 3 – (I) Pulsed-current wave shape, (II) An electronic circuit diagram for generating pulsed current deposition, (III) Enlarged 

view of the electrochemical cell, and (IV) Principle of the pulsed-current deposition showing pulsed current wave shapes with 

different deposition time  and corresponding alloys [80, 86] 
 

Table I – Electrochemical parameters and deposition conditions for the FM-NM alloys. Reproduced with permission from [7, 90] 
 

 

temperature. This method offers the possibility of simul-

taneous co-deposition of different metals, which are 

normally immiscible, and on a single substrate from a 

single aqueous solution, and it is a main advantage of 

the pulsed-current deposition technique over others.  

The number of metal atoms deposited on the sub-

strate is proportional to the amount of used electricity 

in accordance to Faraday’s law. Using this law, the 

nominal thickness, h, of the deposited alloy is given by, 
 

 ,w wA A I t
h i t

n F S n F S

 

 

   
  

       (1) 

 

where t is the deposition time, Aw is the atomic weight 

of the material,  is the cathode current efficiency and 

its magnitude is unity at ideal deposition condition, δ is 

the density of the deposited material, J is the current 

density (expressed as I/S, where I is the current and S 

is the surface area of the sample), n is the valency of 

the metal, and F is the Faraday’s constant and is equal 

to 96500 C [89]. The cathodic current efficiency,  was 

chosen between 0 and 1, depending on the type of elec-

trolytes used. The t, J, and  are the three most im-

portant parameters that determine the amount of con-

stituent materials being deposited. The pulsed-current 

deposition method discussed here can be exploited to 

deposit alloys and nano-wires with complex geometries 

that are usually not possible via sputtering, molecular 

beam epitaxy, or e-ion beam evaporation methods.  

By controlling the electrode potential (current den-

sity), the deposition times, t, and the constituent ele-

ments in the electrolyte, both FM-NM and FM-FM al-

loys in various composition and thicknesses can be pro-

duced. Note is to be made that the grain sizes of  alloys 

Co-Ag Co-Cu Fe-Cu Co-Au 

Constituents g/L Constituents g/L Constituents g/L Constituents g/L 

CoSO4.7H2O 5-16 CoSO4.7H2O 28-39 FeSO4.7H2 O 2-16 CoSO4.7H2O 1-10 

AgSO4 0.1-5.5 CuSO4.5H2O 15-25 CuSO4.5H2 O 2-16 AuK(CN)2 15-25 

Na3C6H6O7.2H2O 76 Na3 C6 H6 O7.2H2O 76 Na3C6H6O7.2H2O 76 Na3C6H6O7.2H2O 76 

Na2SO4.10H2O 4 NaCl 2 - - NaCl 2 

pH 9.5 pH 6.0 pH 5.0 pH 4-6 

J (mA/cm2 ) 1-10 J (mA/cm2 ) 2-10 J (mA/cm2 ) 5-15 J (mA/cm2 ) 1-10 

Temperature (C) 85 Temperature (C) 25 Temperature (C) 25 Temperature (C) 50 
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prepared using pulsed-current deposition are found to 

be smaller and finer than that of the grains produced 

using constant-current, potentiostatic or high vacuum 

deposition methods [80, 89]. The wide range of electro-

chemical parameters and deposition conditions that 

have been used in fabricating FM-NM alloys reviewed in 

this paper are given in Table I [7, 10, 90]. 
 

Table II – Electrodeposition parameters and deposition condi-

tions for Fe-Co alloys. The composition of the alloy was con-

trolled by changing the Fe and Co ion concentration in the 

electrolyte [8] 
 

The Fe-Co alloys reviewed here were prepared from 

sulphate based electrolyte using pulsed-current deposi-

tion and by reducing the deposition times to nanosec-

onds. The detail deposition parameters and deposition 

condition are given in Table II [8]. 

The composition of the alloy was also determined 

using a Flame emission and atomic absorption spec-

trometer. In order to accurately characterize the com-

position of the alloy, usually the analysis was carried 

out for five different standard solutions of the same 

material, and then the obtained data was fitted using 

the linear regression analysis. 

 

2.2 MR and Magnetic Measurements 
 

Magnetoresistance is an important material proper-

ty, especially, of layered nanostructures and this can be 

measured using multiple techniques – including a four-

probe contact method. Magnetic field, H acts as a probe 

in this technique and the H field can be applied to the 

sample substrate either in-plane parallel () to the di-

rection of current, I being applied to the sample sub-

strate or in-plane perpendicular (⊥) or perpendicular-

to-plane (⊥) to the sample and it can be achieved by 

varying the relative direction between the H and I in a 

field swept from ± H. 

Resistivity was measured using two-point probe and 

four-point probe methods at room temperature and in 

the presence of both in-plane or out-of-plane H fields 

and in the presence of current I, in four different con-

figurations as described below: 

i) Two-point-probe method: As shown in Fig. 4(a), In 

the two-point-probe method, both the current, I, and 

voltage, V, are measured using two linearly aligned 

probes attached to the two ends of the surface of the 

sample. The I is passed through terminal 1 and 2, and 

the resulting V is recorded. The total V across the con-

nector is the sum of the resistances of the alloy and the 

contacts. At low I, this V is linearly proportional to the 

I, accordingly to Ohm’s law, and is given as, 
 

 V  (R + 2  x)  I, (2) 
 

where R + 2x is the sum of alloy and contact resistanc-

es. A two-point I-V measurement method is only suita-

ble for high resistivity (greater than 1 M Ω/m2) materi-

al, i.e., when the contact resistances are negligible as 

compared to the sample resistance.  

A problem with the standard two-point I-V meas-

urements is that the measured total resistance in-

cludes contributions from both the sample and connect-

or-sample contacts (resistances are in series and, there-

fore, sum with the sample resistance). For low resistivi-

ty materials, this method can yield erroneous results 

because the contact and spreading resistance can vary 

significantly. In many cases, contact resistances are 

significant and must be distinguished from the sample 

resistance. Materials that do not exhibit ohmic I-V 

characteristics, differential conductance, dI / dV, is 

used to determine the resistivity.  Only DC measure-

ment is discussed here. The challenge associated with 

the two-point probe method can be overcome by using 

the four-point probe method. 
 

 
 

Fig. 4 – Schematic of (a) two-point probe and (b) four-point 

probe circuits 
 

ii) Four-point-probe method: As shown in Fig. 4(b), 

The four-point-probe method is best suited for measur-

ing low electrical resistance, usually in nΩ ranges. In 

this method, the I is passed across two external probes 

and the V in the sample is recorded using two internal 

probes. The measured V is, therefore, the voltage 

across the sample with no current flowing through the 

contacts. It means that there is no potential drop in the 

connecting wires as well as at the connector-sample 

interface. As a result, the measured resistance reflects 

the actual sample resistance. For a four-point probe 

contacts, with two current probes 1 and 4 and two volt-

age probes 2 and 3, and an equivalent electrical circuit, 

with Rv is a variable resistor, R1 and R3 are the contact 

resistances, R2 is the actual alloy resistance, E is the 

drive potential, and x1, x2, x3, and x4 are the probe re-

sistances. The current flowing through the circuits is 

given by, 
 

 I  E / (x1 + x4 + R1 + R2 + R3 + Rv) (3) 
 

The voltage, V across the sample is given by, 
 

 V  E  R2 / (x1 + x4 + R1 + R2 + R3 + Rv) (4) 
 

Upon expressing the I and V relationship using 

Ohm’s law, we obtain, 
 

 R2  1/G2  V/I  
 

The advantage of using the four-point probe meas-

Constituents m (g/L) Parame-

ters 

Quanti-

ty 

CoSO4.7H2O 0-56 J (mA/cm2) 1-10 

FeSO4.7H2O 0-50 Times (s) 0.2-10 

Na3C6H5O7.2H2O 76 T (C) 20 

NaCl 2 pH 6 
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urement is that the measured alloy resistance does not 

include any probe resistance (that is all the contribu-

tions from all contact resistances are eliminated) and, 

therefore, minimizes errors in the MR measurement. 

The actual resistance of a sample is the ratio of the 

voltage drop V and the current I passing through the 

sample. From the value of the I flowing through the 

sample, the distance between the voltage probes, and 

the cross-sectional area of the sample, the  of the 

sample can be determined.  

The effects of layer thicknesses and compositions on 

the room temperature magnetic properties, e.g., satura-

tion magnetization, Ms, remnant magnetization, Mr, coer-

cive force, Hc, and anisotropy constant, Ku, were all stud-

ied using a vibrating sample magnetometer (VSM). As 

shown in Fig. 5, given a magnetic dipole with moment, M, 

lying along the x-axis,  and vibrating with an angular 

frequency, , and the amplitude of vibration, 2a at a point 

A(x, y, z) in the pickup coil along z-axis (normal to the 

sample surface), the induced voltage at A(x, y, z) is given 

as [86]: V0  (3  N  S  x/2r5)  a  f  M, where f  /2 

and is proportional to the amplitude of M, S is the surface 

area, N is the number of turns of the detection coil, and V0 

is the induced voltage at A(x, y, z). If both a and f are kept 

constant, the induced V0 is directly proportional to the Ms 

of the alloys. This principle is the basis for the magnetiza-

tion measurement in most ferromagnetic alloys. Prior to 

the measurement, the VSM was calibrated using stand-

ard sample with a known Ms. For detail information on 

magnetic characterization of FM using VSM readers 

are referred to Refs. [91, 92]. 

The superconducting quantum interference device 

called rf-SQUID magnetometer is extremely sensitive 

to grain interactions in alloy and it is a useful tool for 

investigating magnetic properties, especially of super-

paramagnetic (SPM) material such as granular alloys, 

and this is usually achieved by means of zero-field-

cooled (ZFC) and field-cooled (FC) magnetization 

measurements [9, 45]. Blocking temperature, TB de-

rived from ZFC curves are of special significance in this 

case; and the mean FM grain size is estimated as, 

KA  V  25kB  TB, where KA is the magnetic anisotropy 

constant for fcc-Co, V is the upper limit volume of super 

paramagnetic grains (assumed spherical for simplicity) 

corresponding to the blocking temperature TB (it is the 

temperature below which the magnetization will be sta-

ble), and KB is the Boltzmann’s constant. The coefficient 

of 25 comes from a measurement time of 100 seconds 

and it is roughly the time required to experimentally 

measure remnant magnetization, Mr, which is also the 

relaxation time over the energy barrier kB  TB. 

The particle size is usually determined using tem-

perature dependent magnetization curve. Other devices 

that have been widely used for the magnetic character-

ization at room, high, and low temperatures are mag-

netic force magnetometer (MFM), physical property 

measurement systems (PPMS), etc., and these are left 

out for the future review. 

 

2.3 Microstructure Characterization 
 

Crystallographic orientation of the samples was an-

alyzed using an X-ray diffraction (XRD) technique. The 

XRD was made of Cu-Kα based diffractometer of 60 kV 

 

 
 

Fig. 5 – Schematic of measurement principle of M using a 

vibrating sample [86] 

 

and 200 mA was used to obtain X-ray diffraction pat-

terns [93, 94]. From these diffraction patterns, a detail 

information on the atomic makeup of the alloys and 

granules / particle sizes were also estimated from these 

diffraction patterns using Shearer’s relation [93]. 

The condition for constructive interference to occur 

is given by Bragg’s relation 2d  sinB  n  , where 

θB, is the Bragg’s diffraction angle, d is the plane spac-

ing, n is the order of reflection, and  is the wavelength 

of radiation, which is 0.15406 nm for Cu-Kα radiation. 

The size of particles and granules on those alloy 

based structures was estimated from these X-ray dif-

fraction patterns using Shearer’s relation as, 

t  0.9  /(B  sinθB), where t is the diameter of the 

particle, B is the full-width-half-maximum of the dif-

fraction peak, and θB is the Brag’s diffraction angle. 

Given the value of d (plane spacing) and crystallo-

graphic plane hkl which can be obtained from the 

American Society of Testing of Materials table, the lat-

tice constant, a, of alloy granules / particles was esti-

mated. For the characterization of alloys that are not 

crystalline, a low-angle X-ray scattering method is 

usually employed with powerful synchrotron or high-

intensity laboratory sources. 

 Fig. 6(a) shows XRD patterns of the samples of Co-

Cu and Co-Ag and (b) of Co-Au alloys. These were pre-

pared using pulsed-current deposition method under 

controlled condition. As shown in the Figure, the alloys 

showed strong fcc-Ag, fcc-Cu and fcc-Au patterns for all 

the FM-NM alloys. The lattice constant, a, calculated 

from Fig. 6(a) is plotted as a function of alloy composi-

tion in Fig. 6(c). In the case of Co-Cu alloys, the a calcu-

lated from the diffraction angle of fcc-Cu decreases lin-

early with increasing Co concentration, and this trend 

suggests that samples examined in this case follow 

Vegard’s law, which is a linear dependence of a with Co 

concentration / fraction / composition. 

On the other hand, the fcc-a of Co-Ag alloys, did not 

vary with the Co composition / fraction / concentration. 

Note is to be made that the a of the Co-Ag alloy match-

es closely to patterns usually shown by bulk fcc-Ag. 

Similarly, the fcc-a of alloys calculated from the diffrac-

tion angle matches closely to the pattern usually shown 

by bulk fcc-Co (not shown here). It suggests that the a 

of the fcc-Ag is not affected by the presence of Co atoms 

in these alloys. 

Based on these observations, it can be concluded 

that Co and Ag did not form any solid solution in these  
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Fig. 6 – (a) X-ray diffraction patterns for Co-Ag, Co-Cu, and 

(b) Co-Au alloys prepared at different deposition current den-

sities: (a) and (b) Reproduced with permission from [7] 
 

 
 

Fig. 7 – The SEM images of the Co-Au alloys prepared using 

pulsed-current deposition technique at the current density of 

(a) 1, (b) 3, (c) 5.5, and (d) 7 mA/cm2. The inset shows enlarged 

SEM image for as-deposited alloys at (e) constant dc current 

and (f) pulsed-current, each deposited at 3 mA/cm2. Repro-

duced with permission from [95] 
 

alloys, which is in line with the phase diagram of Co-Ag 

alloys that show very low miscibility of Co-Ag [96], 

compared to the phase diagram of the Co-Cu [97] that 

shows good miscibility. It is to be noted that the atom 

size difference is greater for Co-Ag than for Co-Cu, and 

this can be a crucial factor in defining miscibility of met-

als in alloy samples. Despite the miscibility mis-matches 

the results presented here suggested strong fcc-texture 

for all FM-NM alloy samples examined here. 

To accurately extract information on the layer 

thicknesses, and surface / interface roughness parame-

ter,  
 

 
 

Fig. 8 – TEM images of (a) as-deposited (b) annealed Co22Fe78 

alloy (It is shown here to depict the effect of annealing on the 

particle sizes). Reproduced with permission from [62] 
 

the experimental data can be analyzed using GenX [98] 

where model samples are defined using Python. More 

information on both the low-angle X-ray reflectivity 

and high angle X-ray diffraction analyses of ferromag-

netic nanostructures will be available soon [99]. 

Fig. 7 shows scanning electron microscopy (SEM) 

images of Co-Au alloy samples and these were pre-

pared using pulsed-current deposition. Samples depos-

ited with different magnitude of deposition I are com-

pared: (a) 1 mA/cm2, (b) 3 mA/cm2, (c) 5.5 mA/cm2, (d) 

7.5 mA/cm [95]. The inset shows SEM image of alloys 

prepared using constant dc current (e) whereas (f) was 

deposited using pulsed-current, each at J  3 mA/cm2. 

The optimum J and the off deposition times that gave 

the most uniformly distributed particle size are found 

to be 3 mA/cm2 and 1.5 s, respectively. 

Fig. 8 shows transmission electron microscopy 

(TEM) images of the as-deposited and annealed Fe-Co 

alloys [62]. The as-deposited alloys showed a very fine 

Fe-Co grain of very close size distribution that is cen-

tered at around r ≈ 50 nm. Upon annealing at a tem-

perature 400 C, a phase separation into  +  duplex 

structure is observed with the increase in particle size 

to 200 nm, and this increase is 4 fold compared to the 

particle size of the as-deposited ones. 

 

3. EXPERIMENTAL SURVEY : FM-NM ALLOYS 
 

The MR of FM-NM alloys is dependent on the way 

they are synthesized and alloy composition as con-

firmed by various previously published results [4, 8, 

10]. As far as pulsed-current deposited FM-NM alloys 

are concerned, it is found that these possess some re-

markable MR characteristics – including MR that is 

comparable to that of or larger compared to those pre-

pared using multilayer non-equilibrium technique and 

high vacuum evaporation method. This can be due to 

the fact that pulsed current deposition technique pro-

duces FM granules of highly uniform nature in term of 

size distribution and shape. The electrochemical pa-

rameters and deposition conditions for these FM-NM 

alloys are shown in Table I (see, Section 2.1).  

Fig. 9 shows MR for the as-deposited nano-

structured Co-Ag, Co-Cu, Fe-Cu, and Co-Au alloys de-

posited at different deposition current density, J 

(A/cm2), and deposited from solutions of different chem-

ical composition (at. %). The effect of deposition J on 

MR, as reported by Zaman et al. [7], (top) suggested 

that the MR of Co-Ag alloys is directly related and ef-
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fected by deposition J. Co-Au samples studied by us 

showed similar results [10] (middle), whereas the MR 

of the Co-Cu and Fe-Cu [7] did not show any apprecia-

ble effect with changing deposition J. 

In the as-deposited state, the alloys showed a max-

imum MR of 1 % at a J  1 mA/cm2 (Co- Ag), 0.8 % at a 

J  2 mA/cm2 (Co-Cu), 0.2 % at a J  1 mA/cm2 (Fe-Cu) 

and 1.4 % at a J  1 mA/cm2 (Co-Au). On increasing the 

current density, the MR increased to 5 % at J  10 

mA/cm2 in case of Co-Ag, and 4.0 % at J  5 mA/cm2 in 

case of Co-Au, and these were carried out at room tem-

perature and under a H field of 21 kOe. 

Interestingly, the MR of the Co-Cu and Fe-Cu alloys 

did not change with the increase in deposition current 

densities. The MR of Fe-Cu is always found to be the 

smallest (below 0.5 %) of all the alloys reviewed here, 

irrespective of the increase of deposition current densi-

ty [6], and this result is different from the MR of the 

mechanically grown alloys by Ikeda et al. (MR  1.7 % 

at 70 at. % Cu) [4]. On annealing Co-Cu based alloys 

for 1 hour at 450 C, however, its MR increased to 

6.3 % and that of Fe-Cu also increased slightly. On the 

other hand, the MR of the Co-Ag alloys decreased ap-

preciably, and this trend was more appreciable espe-

cially in those samples that were prepared at much 

higher current densities, (see Fig. 9 (bottom)).  

It needs to be noted that much like those of Co-Ag 

alloys, the MR of Co-Au alloys deposited using pulse 

current slightly decreased upon annealing these at 

400 C for 30 minutes. This suggested that annealing 

helps produce alloy particles of optimum size and 

shapes and as a result these alloys display increased 

MR. These results in turn suggest that Co particles of 

favorable size distribution and shape are the require-

ment for obtaining a larger MR response in Co-Cu and 

Co-Au alloys but not in Fe-Cu alloys for which particle 

size distribution did not change with applied deposition 

pulsed current density. 

To understand the nature of MR exhibited by vari-

ous alloys, Ueda and Zaman et al. [6, 38] studied H-

dependent MR responses extensively on Co-Cu, Co-Ag, 

Co-Au and Fe-Cu. Their results suggested that MR did 

not saturate even at H  21 kOe and it is in agreement 

with the first report of GMR in FM alloys by Berkowitz 

et al. [2]. The same was the case for the M-H curves. 

However, for the mechanically alloyed Co-Cu [4], the 

M-H curves saturated at or below H  4 kOe , suggest-

ing that these alloys precipitate differently depending 

on how they were prepared [4]. 

It is generally believed that upon annealing, the 

MR of the electro-deposited Fe-Cu alloys decreased and 

the M-H curves showed a prominent hysteresis (not 

shown here). Clearly, this suggests that in the as-

deposited state, these alloys were solid solution type 

and annealing resulted in phase separation of bcc-Fe 

and fcc-Cu particles, and it is similar to the phase sep-

aration of the Co-Cu alloys. 

Fig. 10 (top) shows result from rf-SQUD meter. Us-

ing this technique experiments were conducted both at 

zero-field cooled (ZFC) and field-cooled (FC) states. 

These results also suggest that size distribution of alloy 

particles changes with change in deposition conditions. 

It in turn means that the mean particle sizes of the 

electro-deposited Co-Ag alloys are strongly dependent  
 

 
 

Fig. 9 – (a) Plot of MR versus composition of Co in Co-Ag, Co-

Cu, and Fe-Cu alloys at different deposition current densities 

(top). Reproduced with permission from [7]. MR vs composi-

tion of Co for Co-Au alloys (middle). Reproduced with permis-

sion from [45]. MR versus composition for the annealed Co-Ag, 

Co-Cu, and Fe-Cu alloys (bottom). Reproduced again with 

permission from [7] 
 

on deposition current density [7]. For example, the 

mean particle sizes of the Co as calculated using rf-

SQUID meter result suggested production of smaller 

particles at higher current densities. As shown in this 

Figure, the Co-Ag alloys were deposited at 10 mA/cm2, 

and these showed a broad peak at about 120 K and a 

particle size distribution centered to about ≈ 10 nm. 

It is thus, concluded that the larger MR displayed by 

Co-Ag alloy when deposited using a higher applied depo-

sition current J of 10 mA/cm2 in Fig. 9 is considered to be 

due to production of optimum sized alloy particles. From 

the ZFC curve of the Co-Cu alloys that was grown at 

J  2 mA/cm2, a peak is observed at about 90 K, and the-

se ZFC peaks suggested that fine particles of ferromag-

netic Co phases may have been precipitated. These pre-

cipitated ferromagnetic Co phases, however, are not nec-

essarily a single Co phase. Similar results have been 
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observed for the Co-Cu alloys prepared using mechanical 

alloying as suggested by Ikeda et al. [4]. 
 

 
 

Fig. 10 – The temperature dependence of Ms for the Co-Ag, 

Co-Cu, and Co-Au alloys. Reproduced with permission from 

[90, 45] 
 

As depicted in Fig. 10, Pulsed-current deposited Co-

Au alloys showed that the size of the deposited parti-

cles strongly depend on applied current density for 

their deposition. Fig. 10 (bottom) shows the ZFC and FC 

curves for Co-Au alloys deposited at 3 and 5 mA/cm2, 

respectively. The alloys deposited at 5 mA/cm2 exhibit-

ed smaller particle sizes and the MR of 4.5 %, larger 

than the MR exhibited by alloys produced by deposition 

current of 1 and 3 mA/cm2. It is thus believed that the 

small Co grains present in Co-Au alloys deposited at 

J  5 mA/cm2 are responsible for larger MR values ex-

hibited by these alloys. These results are consistent 

with results reported by Guo et al. [75] where the 
 

 
 

Fig. 11 – A relationship between Ms and a for the bcc-Fe-Co 

alloys. The composition deposited alloys shown in the bottom 

inset, were produced using a single electrolyte. The alloys 

were produced at room temperature without stirring. The 

composition in the deposited alloy was optimized by changing 

the deposition condition, chemical composition in the electro-

lyte, and deposition times, as listed in Table II [8] 

 

grains with size range of 1.0-3.3 nm have been success-

fully dispersed in a matrix of Au. These results are 

somewhat analogous to the results of the Co-Ag alloys 

reported earlier [7]. Note is to be made that since the MR 

did not change appreciably with the composition 

and / or annealing, no low temperature investigation 

was carried out for Fe-Cu alloys. 

It is a well-known fact that Co and Fe based FM 

granular alloys have dominated most research in soft 

magnetic material, and are currently considered the 

most important alloys, specifically for biomagnetic ap-

plications. Typical FM-NM alloys include Co-Au [45], 

Fe-Au [102], Co-Ag [11, 69], Co-Cu [38], Fe-Cu-Ni [39, 

103], Fe-Ni [104], Co-Pt [105]. Table III lists the GMR 

effect in FM-NM Co-Cu, Co-Ag, Co-Au, and Fe-Cu 
 

Table III – Comparisons of MR in various FM-NM alloys produced using both chemical and physical methods. (Only the repre-

sentative works on pulsed-current deposited alloys are listed here.) 
 

Alloys Composition Methods Temperature Field MR Ref. 

Co-Cu Co19Cu81 Sputtering 10 K 20 kOe 22 % [2] 

Co-Cu Co20Cu80 Sputtering 5 20 17 [35] 

Co-Cu Co10Cu90 Melt-spun 300 6.5 11 [100] 

Co-Cu Co70Cu30 Pulsed-current 300 11 6.2 [36] 

Co-Ag Co70Ag30 Pulsed-current 300 10 9.1 [7] 

Co-Au Co25Au75 Pulsed-current 300 1 4.6 [9] 

Co-Au Co15Au85 Arc Melting 5 20 28 [101] 

Fe-Cu Fe30Cu70 Sputtering 5 20 9.0 [3] 

Fe-Cu Fe70Cu30 Mech. Alloying 300 4 1.5 [4] 
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alloys produced using sputtered, melt-spun, mechanical-

ly alloying, and electrochemical method, and these re-

sults have  been  reported elsewhere [2-4, 35, 100, 101]. 

For comparison it also lists the GMR effect of the FM-

NM granular alloys produced and studied by us [7, 9, 36, 

41]. Note is to be made that some of these were deposit-

ed on plastic substrates using pulsed-current deposition 

method. The list is not intended to give a complete over-

view, instead it is an attempt to cite only the representa-

tive works on pulsed-current deposited alloys.  

The results also suggested largest room tempera-

ture GMR effect of up to 6.2 % and 9.1 % for the pulsed-

current deposited Co-Cu and Co-Ag alloys, respectively. 

Previously published works have demonstrated that 

composition modulated alloys prepared using pulsed-

current deposition method show GMR values that are 

comparable to or larger than the GMR values reported 

for multilayers and granular alloys [103]. This also 

suggests that pulsed-current deposition is best suited 

when it comes to producing nano-structured magnetic 

alloys with uniformly distributed particles and these 

demonstrate much larger MR effects compared to simi-

lar alloys  prepared using other methods. 

 

4. EXPERIMENTAL SURVEY : FM-FM ALLOYS 
 

Ferromagnetic-ferromagnetic (FM-FM) Ni-Co [106], 

Co-Fe [8], [57] and Ni-Fe [104] alloys and 

Fe16N2 ferromagnets [19, 107] are remarkable materi-

als because of their giant saturation magnetization, Ms 

and good AMR effects at room temperature [108-110]. 

Among the Ni-Co [106], Co-Fe [8, 57] and Ni-Fe [104] 

alloys, when appropriately alloyed using pulsed-

current deposition method [8], Co-Fe alloys show the 

highest room temperature Ms, which is much higher as 

opposed to Ms of its bulk counterparts, prepared using 

other deposition methods and of the individual ele-

ments from which these alloys are made. Higher Ms is 

one of the main requirements for making ultra-fast and 

ultra-sensitive magnetic sensors from alloys, and is the 

subject of this review. Likewise, Fe16N2 is important 

ferrimagnet as it shows a giant magnetic moment, 

which is as high as 290 emu/gm at low temperature 

[111-114]. Materials with room temperature Ms exceed-

ing 300 emu/gm can potentially be useful such as in 

making bio-magnetic sensors and in drug delivery and 

magnetic imaging. Reviews on Fe16N2 and other metal-

lic biomaterials that have great  potential for  future 

applications are reported elsewhere [107] and is not 

considered here.  

Fig. 11(a) shows relationship between Ms, and lat-

tice constant, a. The a is plotted against number of 

stacks (bilayer number), N. The bilayers were alter-

nately stacked bcc-Fe1 – xCox alloys and these were also 

produced using pulsed-current deposition method. As 

shown in this Figure, the alloys exhibit increase in Ms 

with N, and reaches 240 emu/gm at room temperature 

as N was increased to 900 and at 25 at. % of Co. 

Fig. 11(b) shows a relationship between a and N for Fe-

Co alloys. As depicted, a increases almost linearly with 

N. It indicates that the lattice expands with the in-

crease in N, a result that is very similar to that was 

published in Ref. [108]. The increase in a with N is at-

tributed to the elastic strain and magneto-volume ef-

fect. The increase in Ms with N in Fig. 11 clearly sug-

gests that the solid solution of Fe and Co exists, i.e., Fe 

and Co miscible metals on atomic level, giving rise to 

an enhanced saturation magnetization. The trend of 

increasing magnetization is very similar to the trend of 

increasing lattice constant and this phenomenon is 

consistent with the results obtained from empirical 

methods [115]. This is an exceptionally important rela-

tionship and it can probably be attributed to enhance-

ment in ordering of the bcc-Fe-Co alloy particles in 

atomic level.  

 

5. SUMMARY, POTENTIAL APPLICATIONS, 

AND FUTURE PROSPECTS 
 

5.1 Summary 
 

All the pulsed-current electrodeposited FM-NM and 

FM-FM granular alloys prepared using the computer-

controlled pulsed-current electro-deposition method 

exhibited interesting spin-dependent MR, microstruc-

ture and particle size dependent MR and magnetiza-

tion. Deposition current density in turn playing a great 

role in defining the shape of the precipitated particles 

and their size distribution. 

The MR effect of pulsed-current deposited ferro-

magnetic-nonmagnetic granular alloys is found to be 

comparable to or larger than the MR effect observed in 

some vapor deposited alloys and by multilayered alloys. 

The Co-Ag alloys showed a large MR as compared to 

the MR displayed by Co-Cu, Co-Au, and Fe-Cu alloys. 

The MR of Co-Ag alloys increased with deposition cur-

rent density used during the course of preparing these 

alloys. However, on annealing, it decreased significant-

ly. Also, it seems that in the as-deposited state the Co-

Ag alloys are already in the stage of phase-separation, 

and when annealed no effect on particle size and shape 

was observed. 

The MR ratio of the Co-Cu alloys did not change 

with the deposition current density. However, it in-

creased after annealing. It suggested that the as-

deposited Co-Cu alloy films have been in a solid solu-

tion state, and that the deposition current seem to play 

no significant role in crystallographic orientation, film 

formation, film texture and quality. Likewise, the Co-

Au alloys prepared at higher current density exhibited a 

large MR. However, the MR of Fe-Cu alloys is always 

found to be minimal as compared to the MR of Co-Cu or 

Co-Ag or Co-Au alloys. Interestingly, Fe-Cu alloys exhib-

ited transformation from the bcc to fcc phase at 80 at. % 

Fe. In all cases, the MR and the grain sizes are found to 

be largely dependent on deposition current density.  

The microstructure analysis suggested the presence 

of strong fcc-Cu, fcc-Ag and fcc-Au structures in these 

alloyed films imbedded with precipitates of fine grains 

that exhibit super-paramagnetic behavior. The tempera-

ture dependence of zero-field-cooled and field-cooled 

magnetizations for both the as-deposited and annealed 

alloys revealed the presence of smaller sized Co 

grains / particles in these alloy films, and in particular 

when they were deposited at higher current density. 

Based on these measurements, it can be confirmed that 

the increase in MR of the pulsed-current deposited alloys 

was due to the formation of alloys of better magnetic  
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Fig. 12 – (i) Magnetic sensor [116], (ii) Functionalities of magnetic nanostructures/nanoparticles (MNPs), (iii) Magnetization of 

Fe-Co [8] and (iv) MNPs for diagnostics [117] 
 

properties and smaller grain sizes. The saturation 

magnetization of all the alloys is found to be strongly 

dependent on the atomic composition and crystalline 

lattice constant, and these results are in line with the 

Vegard’s law for the FM-NM alloys and empirical laws 

for the FM-FM alloys [115]. 

 

5.2 Potential Applications 
 

The ferromagnetic-nonmagnetic alloys have been 

already found significant technological applications, as 

AMR sensors, especially as a speed sensor in automo-

tive industry. Likewise, the GMR sensing principle has 

been already used for making read head sensor in com-

puters. Applications of these alloys have significantly 

improved the storage density of hard disk drives. The 

applications of GMR sensing can be extended to mak-

ing devices such as high speed high density memory. In 

fact, the use of GMR sensors is already growing in au-

tomotive applications such as, robotics, automation 

control, and detection of incremental increase of speed 

and position due to their high sensitivity and small 

sizes and more are forth coming. 

The Fe-Co alloys reviewed here produced using 

computer controlled pulsed-current deposition tech-

nique, showed the highest saturation magnetization at 

room temperature compared to all other ferromagnetic-

ferromagnetic alloys. The giant saturation magnetiza-

tion was found to be directly related to number of film 

layers and stacking (bilayer) number, alloy composition 

and to the crystal lattice size. Due to the quantum well 

states of the nano-structured Fe-Co alloys produced 

using pulsed current deposition, these alloys are ex-

pected to exhibit unique physical properties that can-

not otherwise be observed in bulk ferromagnetic-

nonmagnetic and ferromagnetic-ferromagnetic alloys. 

In fact, the large saturation magnetization of 

240 emu/gm observed for FM-FM alloys presented in 

this review, can in principle provide foundation for de-

veloping a commercially viable procedure for producing 

similar material in much larger scale. These nanopar-

ticles have great potential to be used as bimolecular 

labels as nanotags, especially due to their comparable 

sizes to and compatibility with biomolecules. 

Ferromagnetic alloys can also be potentially em-

ployed in making biomagnetic devices using ultra-fast 

and highly sensitive MR sensors and high saturation 

magnetization nano- and micro-sized alloys and parti-

cles and these can be fabricated using the method em-

ployed in this review, which is shown in Fig. 12 (i-iii). 

These nano- and micro- sized alloy structures with high 

MR and high saturation magnetization, can also be 

used in biology and medicine as they are bio-

compatible. Conventional bio-sensing technologies suf-

fers from poor sensitivity.  

Fig. 12(ii) shows various possible functionalities 

that can be achieved by combining the magnetic sensor 

and high saturation magnetization nanostructures.  On 

other area where the FM sensors and magnetic nano-

particles (MNPs) have found active application is in 

early disease detection. This is shown in Fig. 12 (iv) 

where the magnetic sensor is equipped with a capture 

antibody (receptor) that is highly specific to a particu-

lar protein bio-marker (antibody) and then functional-

ized with the MNPs. In real time, the captured anti-

body conjugated with the MNPs (the stray H field is 

shown by dotted line) is quantitatively detected by un-

derlying magnetic sensor. 
Another area in which ferromagnetic nanostruc-

tures may find application is in medical imaging where 
the MNPs are first modified for bio-compatibility and 

then guided to the targeted locations as contrast agents 
for either already available MRI or for future MNPs-

based imaging. In addition, using alternating magnetic 
fields, MNPs can be used for therapeutics, such as hy-

perthermia. Likewise, biocompatible MNPs when func-

tionalized with biomarkers, can be used as drugs that 
can be released in response to the magnetic, optical, 
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thermal, and pH stimuli. The same can be useful for 

ultra-immunoassay where small samples, e.g., blood, 
can be used to concentrate the signal.  

Except for the biochip-based detection system (simi-
lar to shown in Fig. 12(iv), all other biomagnetic tech-

niques for medical applications are still at the proof-of-
concept stage. Nevertheless, with the continuous im-

provement in nano-fabrication, characterization, and 
imaging techniques, we should see great advances in 

biomedical nano-magnetics such as metal alloys in the 
coming years. To realize full potential of magnetic al-

loys in new technologies, various physical and chemical 
principles of the ferromagnetic materials and their im-

pacts on bio-medical imaging, bio-physics, energy, drug 

delivery, hypothermia, and immuno-assays, and a wide 
variety of other medical applications must be explored. 

 
5.3 Future Prospects 

 

Sensors based on FM-NM alloys are continuously 

gaining interest for industrial applications as they offer 
some intrinsic advantages such as small sizes and 

GMR effects at relatively small magnetic fields com-
pared to AMR sensors and Hall effect based sensors. 

The room temperature sensitivity of GMR based sen-
sors is also much larger than the sensitivity of Hall 

effect or AMR sensors. With the constant improvement 
in state-of-the-art processing and closely controlled 

manufacturing capabilities, the sensitivity of these 
alloys is expected to rise further.  

The FM-FM alloys described in this review have 
exhibited superparamagnetic-like behaviors and the 

films deposited at higher current densities are found to 
contain smaller Co grain precipitates in resulting alloy 

films. These grains are highly conducive to molecular 
binding processes, free of magnetic agglomeration. 

These kinds of behaviors make them suitable for appli-

cations in many technological fields. The areas where 

these super-paramagnetic like grains can have poten-

tial use are biomagnetic sensing, hyperthermia, mag-
netic imaging, drug-delivery, etc. All results presented 

in this review can be used as basis for developing mag-
netronic and biomagnetic technologies that can be used 

in improving early detection and treatment of various 
chronic diseases, including cancer. However, to develop 

potentially useful future technology and devices, strong 
collaboration between electrical engineers, physicists, 

and biologists and / or chemists is necessary. 
The pulsed-current deposition method described in 

this review further opens up the potential future appli-
cation of Ferromagnetic alloys in new industries. Since, 

conventional bio-sensing technologies suffers from poor 

sensitivity, nano and micro-sized alloy structures with 
higher magnetization can also be used in biology and 

medicine as they are bio compatible. In addition, the 
technique described in this review can be extended to 

produce new bio-functional magnetic nanowires or na-
norods, quantum dots, etc., in complex geometries that 

are not usually possible via constant current electro-
deposition, rf-sputtering, molecular beam epitaxy, or e-

beam evaporation methods. Similarly, the technique 
used to produce high magnetic moment alloys de-

scribed in this review can be extended to other granu-
lar alloys, nanoparticles, and multilayer systems that 

have not been covered in this review but deserve full 
consideration in the future. 
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