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Abstract

Understanding the efects of interparticle interactions is a vital problem because magnetic nanoparticles showcase a variety 
of magnetic conigurations due to diferent contributions to their total energy. To derive reliable and robust properties from 
magnetic nanoparticles, it is, thus, necessary to understand the competition between particle anisotropy and interparticle 
interactions that deine the magnetic state of nanoparticles, where size control plays an important role. Here, we apply the 
random anisotropy model (RAM) that considers various magnetic interactions to selectively prepared NiCr nanostructures 
(NiCr dense nanoclusters, nanogranular NiCr thin ilms, and Ag(NiCr) nanocomposites) with diferent interparticle interac-
tions. The estimated single-particle magnetic anisotropy K values (2.82 − 12.3 ×  104 J/m3) and careful analysis of magnetiza-
tion behavior for these nanostructures reveal that orbital hybridization, surface segregation, and interface character govern the 
magnetic interactions among nanoparticles. Our study demonstrates how magnetic behaviors vary in these diferent magnetic 
systems consisting of superparamagnetic (SPM) and ferromagnetic (FM) contributions speciic to magnetic interactions.

Keywords Magnetic anisotropy · NiCr nanoalloy · Random anisotropy model (RAM) · Blocking temperature

Introduction

Mutual interactions among magnetic nanoparticles dem-
onstrate immense importance in the understanding of col-
lective magnetic behaviors (Fabris et al. 2019; Ridier et al. 
2017a; Mørup et al. 2010; Bitoh et al. 2003; Petracic et al. 
2006; Pacakova et al. 2016). Experimentally, it is observed 
that magnetic interactions depend on various factors such 
as particle size, shape, interparticle separation, and also 
the chemical composition that control spin structure at the 
nanoscale, (Andersson et al. 2015; Muscas et al. 2018). 

Theoretical description of the magnetic behavior of single-
domain systems is usually described by a superparamag-
netic (SPM) framework which often undermines interaction 
efects (Nunes et al. 2005). Though few existing models 
consider magnetic interaction efects, there is a scarcity in 
determining the magnetic stability of single-domain mag-
netic nanoparticles against temperature and switching ield 
distribution (Fabris et al. 2019). In single-domain magnetic 
nanoparticles, magnetic anisotropy competes with interparti-
cle interactions in determining the orientation of the particle 
moments (Nunes et al. 2005). The type of interparticle inter-
actions depends on particle properties (particle concentra-
tion and size distribution) and the medium surrounding these 
particles (Nunes et al. 2005; Denardin et al. 2006; Knobel 
et al. 2007; Knobel et al. 2008). For instance, when the sys-
tem is dominated by dipole–dipole interactions, a disordered 
collective state or spin cluster glass is expected, whereas a 
ferromagnetic state can be formed when the interactions are 
dominated by exchange coupling as the particles are in direct 
contact or dispersed in a ferromagnetic amorphous matrix. 
These facts open the possibility to analyze the efect of 
interaction-induced variations on superparamagnetic prop-
erties. Recently, researchers proposed a modiied random 
anisotropy model (RAM) (Nunes et al. 2005; Denardin et al. 

 * Murtaza Bohra 
 murtazaphy@gmail.com

1 Mahindra University École Centrale School of Engineering 
(MEC), Survey Number 62/1A, Bahadurpally Jeedimetla, 
Hyderabad 500043, Telangana, India

2 Okinawa Institute of Science and Technology Graduate 
University, Tancha Onna-Son, 1919-1 Tancha Onna-Son, 
Okinawa 904-0495, Japan

3 University Department of Physics, Jai Prakash University, 
Chapra 841301, Bihar, India

4 Department of Physics, Ram Jaipal College, Jai Prakash 
University, Chapra 841301, Bihar, India

AQ1

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

A1

A2

A3

A4

A5

A6

A7

A8

A9

A10

A11

A12

A
u

th
o

r
 P

r
o

o
f



U
N
C

O
R

R
E
C

T
E
D

 P
R
O

O
F

Journal : Large 13204 Article No : 1998 Pages : 7 MS Code : 1998 Dispatch : 7-8-2021

 Applied Nanoscience

1 3

2006; Knobel et al. 2007; Andersson et al. 2015), which 
considers the collective behavior of nanoparticles such as 
the concentration and particle size, as well as the magnetic 
correlation length. To verify the universality of this model 
regardless of the nature of the interactions, such as direct 
exchange, dipole–dipole, and indirect exchange Ruder-
man–Kittel–Kasuya–Yosida (RKKY) (Denardin et al. 2006; 
Knobel et al. 2007; Knobel et al. 2008; Bohra et al. 2015), it 
has to be examined in more complex ensembles of magnetic 
nanostructures, with the same size but with diferent interac-
tion strength. In this study, NiCr nanostructures (in the form 
of nanoclusters, nanogranular ilms, and nanocomposites), 
which ofer a plethora of diverse applications (magnetic 
hyperthermia, magnetic resonance imaging, and magnetic 
data storage) (Bohra et al. 2016; 2017), as compared to the 
oxide nanoparticles (Dhayal et al. 2020; Kumar et al. 2021; 
Kumari et al. 2021), are selected as a model system for the 
investigation of competition between single-particle mag-
netic anisotropy and and interparticle interactions.

Experiment

Three diferent types of NiCr nanostructures were grown on 
Si substrates at room temperature. Detail growth conditions 
for these samples are as follows:

1 Pure Ni and  Ni0.95Cr0.05 nanoclusters (NCs): The con-
trolled size growth of theseNCs were achieved by cluster 
beam deposition using magnetron sputtering inert-gas 
condensation (Nanogen50 Source, Mantis Deposition 
Ltd., UK) unit at a DC sputtering power of 40 W from 
Ni and  Ni0.95Cr0.05 alloy targets (purity 99.999%) pro-
cured from Kurt J. Lesker Company (Bohra et al. 2015; 
Bohra et al. 2016; Bohra et al. 2017) Constant pressures 
were maintained at 2.5 ×  10−1 mbar in the aggregation 
zone and 6 ×  10−4 mbar in the main chamber with con-
stant argon (Ar) low rate set at 60 sccm and helium (He) 
low rate at 5 sccm. These NCs (~ 5 nm sizes) show the 
nominal composition of bulk target alloy  (Ni0.95Cr0.05) 
with slight Cr surface segregations, shown in Supple-
mentary information Figs. S1− S3. Further, as grown 
 Ni0.95Cr0.05 NCs were annealed in a high vacuum of 
 10–8 mbar at 450 °C. These annealed NCs show pro-
nounced Cr segregations with slight particle size growth 
(Figs. S4−S 6) (Bohra et al. 2020).

2 Ag(NiCr) nanocomposites: The nanocomposites were 
grown by co-sputtering of Ag and  Ni0.95Cr0.05 targets 
at DC powers of 20 and 40 W, respectively, in argon 
pressure of 6.0 ×  10−4 mbar (Bohra et al. 2016). Nano-
composites show the atomic composition of Ag (65%) 
and  Ni0.95Cr0.05 (35%) with an average  Ni0.95Cr0.05 
size of ~ 5 nm (Figs. S7−S8). The micro-strain pro-

duced in the  Ni0.95Cr0.05 nanostructures embedded in 
the Ag matrix is about 0.036, estimated from the XRD 
data (Kaushik et al. 2013; Punia et al. 2021a, 2021b), 
is slightly higher than  Ni0.95Cr0.05 NCs (0.026) and 
 Ni0.95Cr0.05 nanogranular thin ilms (0.022).

3 Ni0.95Cr0.05nanogranular thin ilms: These were depos-
ited by conventional sputtering of  Ni0.95Cr0.05 alloy 
target at the DC power of 40 W. These films show 
nanocrystalline nature with an average grain size 
of ~ 5 nm (Fig. S9).

The grazing incidence X-ray difraction (GIXRD) data 
were collected using a Bruker D8 Discover XRD2 system 
with a Cu Ka X-ray source (operated at 40 kV and 40 mA) 
to check crystalline phases. The surface morphology and 
coverage of these samples were characterized by atomic 
force microscopy (AFM). Ultrathin carbon ilm and silicon 
nitride  (Si3N4) membrane TEM grids were used as substrates 
for TEM and STEM analysis, using a Cs-corrected envi-
ronmental TEM (FEI Titan G2 80 – 300 kV) operating at 
300 kV. Energy dispersive X-ray (EDX) analysis was done 
to conirm the composition of the samples, and electron 
energy loss spectroscopy (EELS) elemental mapping was 
performed to elucidate the structural changes of the nanoal-
loys. Magnetic properties were measured using a vibrating 
sample magnetometer (VSM) attached to the physical prop-
erty measurement system (PPMS), and magnetic moments 
were extracted after correcting for the diamagnetic contribu-
tion of the Si substrate. M – H loops were measured over the 
range of 5 – 400 K. For zero-ield-cooled (ZFC) magnetiza-
tion, the sample was initially cooled to 5 K in zero ields and 
then magnetization was measured in the presence of a ixed 
ield upon heating. Subsequently, in the same ield, the ield-
cooled (FC) magnetization was recorded during cooling.

Results and discussion

Figure 1(a) shows the TEM image for one of the representa-
tive samples of  Ni0.95Cr0.05 nanoclusters which conirm the 
nanocluster formation with a particle average size of 5 nm. 
Note that the low coverage sample of  Ni0.95Cr0.05 is used for 
TEM purposes; however, high-density samples were used 
for the magnetic study that has ~ 35% volume coverage of 
 Ni0.95Cr0.05, as estimated by EDAX and sputtering growth 
rate analysis (Fig. S3, S5, S8 and S9). The selected area dif-
fraction pattern (Fig. 1(b)) of this sample conirms the for-
mation of single-phase face-centered-cubic (fcc)  Ni0.95Cr0.05 
with lattice constant 3.5 Å.

Interparticle interaction efects can be identiied by analysis 
of the blocking temperature  (TB) obtained from magnetiza-
tion behavior such as the zero-ield-cooled (ZFC) and ield-
cooled (FC) curves as a function of temperature, as shown 
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in Fig. 2(a–e) at diferent ields H (50 − 1 kOe) for various 
types of NiCr nanostructures. The maximum of the ZFC 
curves (indicated by the red arrow) related to the mean  TB, 
shift toward lower temperatures on increasing H. The difer-
ent value of  TB at a ixed ield in diferent samples is indeed a 
strong signature for a diferent level of interparticle magnetic 
interactions among NiCr nanostructures. In non-interacting 
single-domain magnetic systems, the efect of H on the  TB 

is generally expressed by (Nunes et al. 2005; Denardin et al. 
2006; Knobel et al. 2007),

where M
S
 is the saturation magnetization and K is the mag-

netic anisotropy (Ridier et al. 2017a). However, the random 

(1)TB(H) =
VK

25kB

[

1 −

(

HMS

2K

)]3∕2

,

Fig. 1  a TEM image of 
 Ni0.95Cr0.05 nanoclusters and 
its b Selected area difraction 
pattern

Fig. 2  M – T curves for a Ni NCs b  Ni0.95Cr0.05 NCs c  Ni0.95Cr0.05 annealed NCs d Ag(NiCr) nanocomposite and e  Ni0.95Cr0.05 nanogranular 
ilms
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anisotropy model (RAM) considers the interaction efects 
on the ield dependence of TB(H) . This model averages the 
anisotropy to an efective value ( K

eff
 ) within the correlation 

length ( L
H
 ) that deines the correlated volume  (Vef) over the 

number of correlated particlesN =

[

1 + x
(L3

H
−D

3)
D

3

]

 , where x 

is the volume fraction of the magnetic particles and D is 
their diameter (Fabris et al. 2019; Ridier et al. 2017a). RAM, 
thus, have two modiications, K

eff
=

K
√

N

 , V
eff

=
π

6
ND

3 . The 

correlation length can be expressed as L
H
= D +

√

2A
eff

M
S
H

 , 

where  Aef is an exchange stifness constant. Within this 
length scale, the exchange interactions can force the spin to 
align in polycrystalline materials. This L

H
 also depends on 

the applied magnetic ield. When L
H
→ D (average particle 

diameter), then interactions become very weak, and these 
expressions tend to anisotropy and volume of an individual 
mono-dispersed particle, on the other hand, whenL

H
≫ D , 

it serves for the correlated particles. Now, on using K
eff

 
andV

eff
 , expression (1) is reduced for coupled particles as.

We have plotted TB vs. H
 data in Fig. 3 for diferent types 

of NiCr nanostructures. The solid line in Fig. 3 is the best it 
to the TB vs H behavior. The corresponding its were carried 
out considering D =∼ 5 nm , x =∼ 35% (estimated from 
TEM analysis in Fig. S1 − 9), A = 1.6 × 10

−13
J∕m (Ridier 

et al. 2017b)  and M
S
 values (380–30 emu/cc) for diferent 

samples obtained from M–H loops at 30 K as a ixed param-
eter, while other free parameters ( K and L

H
 ) are summarized 

in Table. 1. The K values of Ni (9.57 ×  104  J/m3) and 
 Ni0.95Cr0.05 (7.42 ×  104 J/m3) NCs are slightly diferent and 
have been attributed to the Cr segregations in the latter case, 
the stoichiometric  Ni0.95Cr0.05 otherwise should show pro-
nounced diference in values. The bulk Ni with [111] as the 
easy axis of magnetization has irst-order cubic magneto-
crystalline anisotropy constant  K1 = −8 ×  104 J/m3 at low 
temperature (Goya et al. 2003; He et al. 2007). The magnetic 
anisotropy K is related to  K1 through the relation K =  K1/12 
(Gittleman et al. 1974). Therefore, for pure Ni NCs,  K1 is 
extracted to be 11.4 ×  105 J/m3, which is one order larger 
than  K1 of bulk Ni. The possible source of increased mag-
netic anisotropy other than cubic magnetic anisotropy is 
surface anisotropy because shape anisotropy cannot be the 
main source of anisotropy considering the nearly spherical 
shape of present NCs (see TEM image). A likely situation is 
that there are ferromagnetic correlated regions in NCs whose 
magnetization directions are pinned or frozen by random 
anisotropy due to surface disorder. Interestingly, it is 
observed that the K value slightly decreases in annealed 
 Ni0.95Cr0.05 NCs which can be due to predominant Cr segre-
gation over particle aggregation that eventually weakens the 
magnetic coupling (Bohra et al. 2020). On the other hand, 
the high K value observed in AgNiCr nanocomposite is 
rather surprising because co-existing diamagnetic Ag matrix 
is anticipated to reduce the magnetic interaction among 
 Ni0.95Cr0.05 grains. This unusual feature can be understood 
as follows: the interface between  Ni0.95Cr0.05 grains and Ag 
metal matrix may undergo structural and orbital 

(2)T
eff

B
(H) =

K�D3N1∕2

150k
B

[

1 −

(

HM
S
N1∕2

2K

)]3∕2

Fig. 3  Field dependence of the T
B
(H) (experimental data represented 

by symbols) and itted data with modiied RAM (represented by solid 
lines)

Table 1  Fitting parameters (K and  LH) were obtained from the modiied RAM. Other itting parameters obtained by SPM + FM components for 
below  TB and SPM for above  TB

Sample K(104 J/m3) LH (nm) (at 
200 Oe)

Below  TB(30 K) Above  TB (200 K)

MSp (emu/cc) MSf (emu/cc) Β (%) 1—β (%) MSp (emu/cc)

Ni NCs 9.57 11.48 344.10 421.10 29.41 70.59 359.60
Ni0.95Cr0.05 NCs 7.42 11.62 300.20 413.90 30.03 69.97 329.40
Ni0.95Cr0.05 annealed NCs 5.71 14.70 166.50 182.40 20.25 79.75 136.50
Ni0.95Cr0.05 nanogranular ilm 2.82 28.09 30.86 31.67 32.43 67.57 27.07

Ag(NiCr) nanocomposite 12.3 20.68 60.01 71.25 8.04 91.96 48.86
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reconstructions which could result in the hybridization of 3d 
band orbitals of  Ni0.95Cr0.05 surface atom with Ag, thus the 
enhancement of surface anisotropy, K

S
 (Bartolomé et al. 

2008; Bohra et al. 2014) which in turn results in higher mag-
netic anisotropy; K = K

cubic
+ 6

K
S

⟨D⟩
 . In the absence of an Ag 

matrix, the system behaves like discontinuous nanogranular 
 Ni0.95Cr0.05 ilms with lower K . The L

H
 calculated at 200 Oe 

is larger than the diameter D of the Ni and  Ni0.95Cr0.05 NCs, 
indicating predominant dipole–dipole interactions. Further 
increase in L

H
 values for nanogranular  Ni0.95Cr0.05 ilms and 

Ag(NiCr) nanocomposites are attributed to direct exchange 
interactions in the former and matrix-induced hybridization 
in the latter case. Our study shows that RAM analysis can 
also be used to extract the K values even for the strongly 
interacting regime, where the TB of the individual nanostruc-
tures are hidden by the collective behavior.

After gaining knowledge about diferent types of interpar-
ticle magnetic interactions present among NiCr nanostruc-
tures, we examine how these interactions afect the shape of 
M–H loops. In Fig. 4, we have plotted the M–H loops for 
the various NiCr nanostructures at a temperature above and 
below  TB. Above  TB, we have not observed coercivity within 

the accuracy limit, while below  TB they show coercivity 
and remanence ields. The high coercivity  HC in Ag(NiCr) 
nanocomposites at low temperatures could be due to the 
increase in magnetic anisotropy K, discussed earlier. (See 
Table 1). However, the presence of coercivity in the order 
of a few Oersted above  TB can be due to the dipolar inter-
action efects. An analytical expression consisting of both 
ferromagnetic (FM) and superparamagnetic (SPM) compo-
nents has been employed to identify the magnetic interac-
tions (Ghosh et al. 2020; Saha et al. 2009; Singh et al. 2010) 
is given 

Here, S is squareness ratio, M
Sf

 and MSp are FM and SPM 
saturation magnetization, respectively. Below TB, M–H 
loops were well itted with a combination of FM (irst term) 
and SPM (second term) components, as shown (Fig. 4(a)). 
The HC values obtained from the M–H loops were put as a 
ixed it parameter that depends on the sample varying from 

(3)

M(H) =(1 − �)

{

2MSf

�
tan

−1

[

H ± HC

HC

tan
�S

2

]}

+ �

{

MSp

[

coth

(

�H

kBT

)

−
kBT

�H

]}

Fig. 4  M–H loops of various NiCr nanostructures a below  TB at 30 K and b above  TB at 200 K (plotted in symbols). Insets show M–H data near 
the origin. Former M–H loops were well itted with SPM + FM contributions and later only with SPM (plotted in solid color lines)
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18 to 170 Oe. The terms β and 1 – β refer to the SPM and 
FM contribution, respectively. The parameter β varies from 
0 to 1. Parameters obtained from ittings are summarized 
in Table 1. The β value is found to vary from 8 to 32%, but 
ideally, in the blocking state, only FM contribution should 
occur. The lower β value in Ag(NiCr) nanocomposites infers 
that the Ag matrix prevents aggregation of  Ni0.95Cr0.05 grains 
into bigger sizes, which means mostly smaller  Ni0.95Cr0.05 
grains are in SPM state for above  TB and in FM state below 
 TB. However, the presence of a slightly wide distribution of 
Ni and  Ni0.95Cr0.05 NCs sizes can lead to two contributions 
namely 1) SPM and 2) FM phase, as bigger NCs remain 
frozen at successive low temperatures (Bohra et al. 2020). 
The highest M

Sf
 value of 421 emu/cc of Ni NCs is even 

less than the reported bulk Ni value of 485 emu/cc which 
may be linked with the random orientations of surface spins. 
These M

Sf
 values are in good agreement with  MS values 

obtained from the RAM model. Above TB , the M–H loops 
(Fig. 4(b)) were itted well to the SPM component with MSp 
value of 27 –360 emu/cc. Thus, these observations strongly 
infer that the varying nature of interparticle interactions 
from dipole–dipole interaction to direct exchange or matrix-
induced RKKY can have a diferent form of inluence on 
hysteresis quantities M

R
∕M

Sf
 , HC , and M

Sf
.

Conclusion

This study aims at analyzing the competition of single-
particle magnetic anisotropy and the interparticle interac-
tions in NiCr nanostructures, i.e., NiCr dense nanoclusters, 
nanogranular NiCr thin ilms, and nanocomposites made of 
NiCr NCs in an Ag matrix. The blocking temperatures  (TB) 
extracted from FC and ZFC magnetization curves and their 
magnetic ield dependence is analyzed using a random ani-
sotropy model (RAM). Such a model considers the efect 
of magnetic interparticle interactions on the mere super-
paramagnetic behavior. The estimated magnetic anisotropy 
K (2.82 − 12.3 ×  104 J/m3) values show the dependence on 
orbital hybridization, surface segregation, and interface 
character. This phenomenological model can successfully 
explain the diferent magnetic behavior in accordance with 
the magnetic components (FM, SPM, and PM) model for 
various NiCr nanostructures. This analysis may open a path-
way towards understanding the underlying physics related to 
magnetic interactions in various technologically important 
gossamer M–Cr (M: Fe, Co, Ni) nano-systems.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13204- 021- 01998-y.
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