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Signature of the Kondo effect 
in superparamagnetic GO 
incorporated Cobalt substituted Ni/
NiO nanoparticles
Umesh Prakash Gawai 1* & Shilpa Dayanand Kamble 2

The study reports on the magnetization, magnetoresistance, and transport properties of 
superparamagnetic 10% Co-doped Ni/NiO (C10-NN), Graphene Oxide (GO) incorporated 10% 
Co-doped Ni/NiO (C10-NNG), and 15% Co-doped Ni/NiO (C15-NN) nanoparticles synthesized via 
a microwave-assisted sol-gel auto-combustion method. All samples show hysteresis in negative 
Magnetoresistance (M-R) at different temperatures. Resistivity ρ(T) versus temperature plots of 
samples C10-NN and C15-NN show metallic behavior with applied fields of 0, 1, 5, 8 T, and at 0 T, 1 T 
respectively. However, the plot of R-T of the C15-NN sample shows a significant difference at 0 T and 
1 T. At 0 T for this sample, the metallic behavior is observed for temperature T > TM, with the resistivity 
falling abruptly at and above TM = 246 K. The resistivity decreases with increasing temperature, 
exhibiting metallic behavior again above TMM < 276 K. This jump at 276 K, indicating a metal-to metal 
transition. The Kondo effect is observed for the first time in C10-NNG sample. The upturn of resistivity 
ρ(T) towards low temperature in the C10-NNG sample is well described by the power series equation 
and Kondo term. This sample exhibits the upturn resistivity along with a metal–insulator transition 
above and below the Kondo temperature TK ≈ 93.51(2) K at the 0 T, 1 T, 5 T, and 8 T fields.

Nowadays, spintronics is one of the leading research fields in condensed matter physics, focusing on magnetic 
materials1. The influence of spin on conduction, achieved through processes such as ejection, extraction, transfer, 
polarization, and accumulation within magnetic nanostructures, leads to the field of spintronics. This field finds 
applications in various technologies, including giant magnetoresistance (GMR), tunneling magnetoresistance 
(TMR), and others. The study of magnetotransport, magnetoresistance, and magnetic properties of ferromag-
netic/antiferromagnetic materials is of significant technological and scientific interest2,3. The magnetic order-
ing observed in itinerant ferromagnetism of transition metals such as Ni, Co, and Fe is closely tied to electron 
correlation within narrow 3d bands. These bands only weakly hybridize with the 4s and 4p bands. Due to the 
strong spatial confinement of d-orbitals, the spin-polarized electrons, resulting from exchange interaction with 
uncompensated magnetic moments of completely localized d electrons, predominantly contribute to the trans-
port properties4. Ni-NiO is known for its magnetic properties, and doping with Co can enhance these properties 
by introducing additional magnetic moments and improving spin polarization5.

The Kondo effect occurs when conduction electrons in a metal scatter due to low-density magnetic impurities, 
resulting in spin-flips by localized spins. This phenomenon leads to dramatic effects on the upturn of electrical 
resistivity as temperature decreases and increases6–8. When a magnetic impurity is placed on metal surfaces, 
the Kondo interaction between the localized spin and the conduction electrons becomes very strong, resulting 
in high Kondo temperatures (TK)6–8. The antiferromagnetic coupling between itinerant electrons and localized 
spins leads to the screening of impurity spins, thereby manifesting the Kondo effect.

The Kondo effect, a key phenomenon in condensed matter physics, has seen significant advancements that 
enhance our understanding and applications. Recent research using an artificial atom and a one-dimensional wire 
system has confirmed theoretical predictions by observing the Kondo resonance at extremely low temperatures, 
opening new possibilities for studying exotic quantum phenomena9. The discovery of the three-channel Kondo 
effect in cubic holmium compounds offers new insights into non-Fermi liquids and quantum materials10. Addi-
tionally, research on quantum impurity systems have demonstrated novel thermoelectric behaviors, manipulating 
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local temperatures through applied voltages, thus advancing our understanding of nanoscale heat flow11. These 
developments deepen our understanding of the Kondo effect and pave the way for future explorations in quantum 
materials and strongly correlated electron systems. This phenomenon has been observed in various materials, 
including metal oxides, dilute magnetic alloys, semiconductor quantum dots, nickelates, carbon nanotubes, and 
graphene12–16.

Numerous experimental and theoretical investigations have been conducted to explore the occurrence of 
upturns in electrical resistivity while decreasing and increasing temperature. It has been observed that various 
phenomena are involved, such as spin-polarized tunneling via grain boundaries17,18, Kondo effects19,20, quantum 
interference effects due to electron-electron interactions20,21, and weak localization effects22. In terms of systems 
that manifest the Kondo effect, it is noteworthy that there have been no reports yet on the Kondo effect in S2 
sample. GO was chosen due to its excellent conductivity and large surface area, which can enhance the overall 
conductivity of the composite material. Furthermore, GO provides a platform for better dispersion and stabi-
lization of nanoparticles, which is essential for maintaining uniform magnetic properties23. The Kondo effect 
has been observed in graphene via cobalt adatoms on a graphene monolayer23,24, graphene with defects25, and 
spin-orbit coupling in graphene quantum dots26. Kondo effect has also been observed in atomic contacts of 
pure itinerant ferromagnetism, with coexistence of FM and Kondo states26,27, and in heavy-fermion metals28,29.

In the present paper, we systematically investigated the magnetic (M-T, M-H) and transport (R-T, R-H) 
properties of superparamagnetic nanoparticles of samples C10-NN, C10-NNG and C15-NN synthesized via a 
microwave-assisted sol-gel auto-combustion method. Interestingly, we observed a pronounced low-temperature 
resistivity upturn in the C15-NN sample. Furthermore, we found that this sample exhibited a large Kondo tem-
perature (TK ≈ 93.51(2) K). Magnetoresistance measurements of the synthesized samples revealed negative M-R 
with hysteresis at different temperatures. The results of Raman shift, XRD and HR-TEM evaluated for structural 
and elemental analysis (provided in supplementary information figs. SI1, SI2, SI3 respectively).

Result and discussion
The magnetic properties were measured from the magnetic hysteresis curve (M-H) at temperatures from low 
(30 K) and room temperature (300 K) for the samples, as shown in fig. 1. The M-H curve reflects a sharp increase 
in magnetic moments with the applied field, which then begins to saturate at H = 0.45 ± 0.05 T. From fig. 1, it is 
observed that the saturation magnetization (MS) values are 35.01, 20.08, and 16.21 emu/g at 30 K, and 33.18, 
18.67, and 14.49 emu/g at 300 K for C10-NN, C10-NNG and C15-NN samples, respectively. It is confirmed that 
the MS decreases with an increase in temperature and also decreases with increasing cobalt content. The presence 
of MS indicates a large contribution of metals like Ni and Co present in the samples. The decrease in the values 
of MS for the samples is a result of surface interfacing with the ferromagnetic (FM) Ni, antiferromagnetic (AFM) 
Co-NiO layer, GO, and surface spin/disordered magnetic spin orientation, which are significantly responsible29–31. 
The obtained MS value of the samples is significantly less than the value of bulk Ni MS, which is about 55 emu/
g32. It is noticeable from fig. 1 that all samples saturate with the applied magnetic field, but no remanence mag-
netization (MR) or coercivity (HC) (MR and HC = 0) appears, confirming their superparamagnetic state29–32. The 
nonlinear nature of the M-H curve further confirms this state. The superparamagnetic state is expected due to 
the small size and single domain nature of the as-synthesized nanoparticles.

Figure 2a–c present the variation of magnetization as a function of temperature for the as-synthesized samples 
under both zero field cooling (ZFC) and field cooling (FC) conditions, with an applied magnetic field (Ha) of 
500 Oe, ranging from temperatures of 3 K to 350 K. In the FC plot, the magnetization data shows an increasing 
behavior from high to low temperature ranges, while in the ZFC plot, the magnetization first monotonically 

Figure 1.   Magnetic hysteresis curve of samples of C10-NN, C10-NNG and C15-NN at different T = 30 K and 
300 K.
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increases, then slightly decreases with increasing temperature. During cooling in ZFC, the magnetization reaches 
a maximum value at approximately 251 K, 265 K, and 281.5 K for C10-NN, C10-NNG and C15-NN samples, 
respectively, indicating the blocking temperature (TB). It is noticed that the TB increases, which may be attributed 
to the exchange coupling between ferromagnetic (FM) Ni/Co and antiferromagnetic (AFM) NiO components, 
implying improved thermal stability33,34. This type of exchange coupling established at the Ni and Co-NiO 
interface provides a platform to enhance TB and magnetic stability35–37. Additionally, the enhancement of TB has 
several reasons, such as broad size distribution, particle agglomeration, or strong interparticle dipolar magnetic 
interactions38,39. The irreversible temperature in the ZFC-FC curve of the samples C10-NN and C10-NNG is 
observed at 348 K but for C15-NN, the irreversible temperature is above 348 K, indicating ferromagnetic behav-
ior. The splitting (bifurcation) of the ZFC and FC curve usually appears in the co-existence of antiferromagnetic 
(NiO) and ferromagnetic (Ni/Co) phases coinciding with the synthesis of nanoparticles35–39. Many authors have 
reported that a sharp cusp is observed at low temperature on the ZFC curve, demonstrating a freezing tempera-
ture (Tf), which freezes the ferromagnetic (Ni/Co) spins and the antiferromagnetic (NiO) spin moments, signify-
ing a spin-glass-like state. In this case, a spin-glass-like state or frozen spin is not observed at low temperatures; 
however, as the temperature increases, the magnetic moments progressively unfreeze. However, the AFM domain 
gives rise to strong spin scattering, resulting in high resistivity.

The resistivity measurement as a function of the applied magnetic field (H) was conducted on strip-shaped 
pellets of as-synthesized samples with dimensions approximately 3 × 2.5 × 0.25 mm3 (length × width × thickness). 
Figure 3a–c depicts the MR (%) curve of the longitudinal magneto-resistance configuration for sample C10-NN at 
temperatures of 5 K, 10 K, 50 K, and 100 K. Additionally, samples of C10-NNG and C15-NN were measured at 

Figure 2.   (a-c) ZFC and FC magnetization M(T) as a function of temperature measured at an applied magnetic 
field of Ha = 500 Oe for samples C10-NN, C10-NNG and C15-NN, respectively.

Figure 3.   (a-c) magnetoresistance and (d-f) resistivity versus temperature plots, with fitted theoretical data 
for C10-NN, C10-NNG and C15-NN samples respectively.
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applied magnetic fields of ± 8 T for temperatures of 5 K, 50 K, and 100 K, with the magnetic field and current 
parallel to each other. Here, the field-dependent MR(%) is defined as MR(H)% = [( ρ(H)

ρ(0)
− 1)× 100] , where ρ(H) 

and ρ(0) are the resistivity under the applied magnetic field H and zero applied magnetic field, respectively. From 
fig. 3a–c, it is evident that the resistivity decreases gradually with increasing magnetic fields (resulting in negative 
MR) in all samples at different temperatures. This trend indicates that the antiferromagnetic (AFM) state of NiO 
is gradually transitioning into the ferromagnetic (FM) state. As the FM ordering becomes complete, the negative 
MR saturates, reaching magnitudes of approximately − 0.65, − 0.89, and − 0.78% at 100 K for the C10-NN, C10-
NNG and C15-NN samples, respectively. However, it’s worth noting that the AFM domain contributes to strong 
spin scattering, leading to higher resistivity40–42. Nevertheless, such spin scattering can be suppressed when the 
system is forced into the FM phase by applying external magnetic fields41–43. In this case, the NiO in the samples is 
in the amorphous phase and Ni/Co in the crystalline phase; hence AFM contributes less to spin fluctuation. Thus, 
ρxx(T) decreases with increasing fields. The results of magnetic scattering via spin fluctuations of the localized 
spins in response to the applied magnetic field give rise to magnetoresistance. In the saturated (single-domain) 
state at room temperature, the resistivity depends only on the relative orientation of the magnetization and the 
measuring current41–43. In the negative magnetoresistance, the reduction of resistivity with increasing magnetic 
field in the saturation region is due to the suppression of the thermally-induced spin-disorder contribution to 
the resistivity43–45, with the scattering of conduction electrons occurring at given temperatures. As depicted in 
fig. 4a,b, the M-R(%) curve exhibits hysteresis behavior when the magnetic field reverses from forward to back-
ward sweep at 100 K for samples C10-NN and C10-NNG, and at 5 K and 10 K for C15-NN sample. However, it is 
observed from fig. 4a,b that the M-R curve exhibits no hysteresis behavior at 5 and 10 K for sample C10-NN; and 
5, 10 and 50 K for sample C10-NNG, and at 100 K for sample C15-NN respectively. This absence of hysteresis is 
attributed to transport being solely carried out by the surface states. A parabolic negative M-R (%) is observed, 
which is attributed to the decrease in spin-related scattering with increasing magnetic field43–45. Interestingly, 
fig. 3a shows strong hysteresis at all magnetic fields below saturation at 100 K temperature. The presence of hys-
teresis in MR (%), with no corresponding hysteresis observed in magnetization from fig. 1, is due to the lack of 
hysteresis in the magnetization observed at 100 K. Sunku et al. reported that hysteretic magnetoresistance may 
arise from complex structures at magnetic domain walls46. 

The temperature-dependent longitudinal electrical resistance, represented as ρxx(T), was evaluated at various 
applied magnetic fields ranging from 0 to 8 T for samples of C10-NN and C10-NNG as illustrated in fig. 3d–f. 
For the C15-NN sample, measurements were conducted at magnetic fields of 0 T and 1 T. The C10-NN sample 
exhibits metallic behavior above 100 K temperature, with increasing resistance at a given field. However, the 
sample of C10-NNG show a different behavior: initially, as the temperature decreases, the resistivity decreases, 
reaching a minimum around 100 K, and then it increases again. This upturn of electrical resistivity with tem-
perature is attributed to the presence of magnetic/metallic impurities, which induce an increase in resistance at 
low temperatures. This unusual phenomenon is explained by the Kondo effect, which arises due to the interac-
tion between the host conduction electrons and the magnetic impurity. This interaction leads to a logarithmic 
increase in electrical resistivity as the temperature decreases.

The presence of G and D bands of GO seen in the SI fig. SI2 and HR-TEM micrographs is provided in 
SI fig. SI3e–g indicate that the nanoparticles are coated or wrapped by graphene oxide (GO), facilitating the 
interaction of magnetic ions of Co/Ni with the GO conduction electrons, thus revealing the Kondo effect. The 
observation of a minimum in the resistivity-temperature relationship ρ(T) is characteristic of the Kondo effect 
and is attributed to the combined effects of electron-electron (e-e) and electron-phonon (e-p) interactions, as 
well as spin scattering of the conduction electrons by the magnetic impurity.

The total electrical resistivity of the metal is given by:

where, ρ0 is the residual resistivity and ρi(T) intrinsic resistivity.To account for the upturn resistivity observed 
in the sample (C10-NNG), a kondo term ρK has been added:

(1)ρ(T) = ρ0 + ρi(T),

(2)ρ(T) = ρ0 + ρi(T)+ ρK .

Figure 4.   First derivative of resistivity dρxx/dT versus temperature for samples (a) C10-NN, (b) C10-NNG and 
(c) C15-NN respectively.



5

Vol.:(0123456789)

Scientific Reports |        (2024) 14:24460  | https://doi.org/10.1038/s41598-024-67447-2

www.nature.com/scientificreports/

The ρi(T) is described by the Bloch-Gruneissen expression arise47 due to electron-phonon interactions:

where α is a constant depending on electron-phonon coupling, Debye frequency, and plasma frequency, ΘD is 
the Debye temperature, and n takes values of 2, 3, or 5 depending on the interaction nature. The equation for 
total resistivity then becomes:

The residual resistivity ratio defined as ρ(300K)
/

ρ(2) is relatively small it estimated to be 0.02814 ± 6.13 × 10−5, 
0.0275 ± 3.1 × 10−5, 0.0276 ± 1.85 × 10−5and 0.02796 ± 3.2 × 10−5 Ω-cm for sample S3 at 0 T, 1 T, 5 T and 8 T 
respectively.

In general, the resistivity versus temperature behavior can be modeled by another equation with contributions 
from a metallic term ATn and an insulating term ρI (T)48:

where, ATn represents metallic resistivity of power law with n = 1, 2, or 5. Different values of n indicate vari-
ous contributions such as charged-impurity resistivity (for n = 1), standard metallic Fermi-liquid behavior (for 
n = 2), and lattice vibration contributions (for n = 5)48,49, and ρI (T) represents the insulating term which can be 
analyzed using different models such as Kondo effect, Mott variable-range hopping, weak localization, etc.49,50.

The Bloch-Grüneissen relation can be replaced by the temperature dependence of total resistivity as a power 
series equation:

where the first term (a0) is residual resistivity, the second and third terms belong to electron-electron resistivity, 
and the remaining terms belong to electron-phonon resistivity. From eqs. (5), (7) is obtained using the first five 
terms of the power series equation for fitting the obtained data are shown in fig. 3d–f,

It is observed that the best fit is obtained by employing eq. (5) for C10-NNG sample at different field strengths 
(0, 1, 5, and 8 T), with statistical parameters (as reduced χ2 = 2.416 × 10−9, 6.364 × 10−10, 2.2718 × 10−10, 6.903 × 10−10 
and coefficient of determination r2 = 0.997, 0.999, 0.999, 0.999 respectively) showing high accuracy.

Figure 3d,f for the sample of C10-NN at 0 T to 8 T and S3 at 1 T field reveals the metallic nature and is best 
fitted with eq. (4) without adding an insulating term. From fig. 3e, at 1 T and 5 T fields, the resistivity remains 
the same at 0.0233 Ω-cm with the same Kondo temperature at 93.51 K, while for 0 T and 8 T, the resistivity val-
ues of 0.0238 and 0.0236 Ω-cm decrease with temperature at 91.75 K and 90.24 K, respectively. From fig. 3f, the 
sample of C15-NN shows a different resistivity nature at 0 T and 1 T field. Upon heating without an applied field 
(0 T field), the sample shows metallic behavior of the resistivity; it rises slowly at (T < TM) 246 K temperature. 
It means that below TM = 246 K temperature, the resistivity slightly decreases with increasing temperature. It is 
noticed that upon heating, the resistivity sharply drops at the transition temperature of 246 K as a result of the 
amorphous-to-crystalline phase transition, and the crystalline structure is retained until the end of the thermal 
treatment at 276 K when complete transformation is achieved.One can immediately observed from fig. 3f that a 
resistivity jump at TMM = 276 K, indicating a metal to metal transition (MMT). Attempts for fitting this resistiv-
ity by using eq. (6) do not match with resistivity of metallic nature51 due to MMT. However, the sample exhibits 
metallic nature while applying a 1 T magnetic field with temperature, indicating that the crystalline structure 
is retained and electron alignment opposes the magnetic field. Overall, it is noticed that samples of C10-NN 
and C10-NNG exhibit resistivity increases with applied field. The R-T plot of C15-NN shows the resistivity jump 
shifts to a lower value at 225 K temperature without applying a field (0 T).

The first derivative of resistivity plot as a function of temperature dρ/dT and temperature are shown in fig. 4a 
indicates metallic nature of C10-NN above 24.37 K temperature. The temperature dependence of the resistiv-
ity exhibits a metal–insulator transition at temperature under 0, 1, 5 and 8 T field as shown in fig. 4b. It could 
be more clearly reflect in dρ/dT as shown in fig. 4b. It indicates below TMI≈91.51(5) dρ/dT is negative resulting 
insulating behavior51–54. In particular, as the temperature approached to the TMI, resistivity modulation by electric 
field was greatly increased presumably due to the coexistence between metallic and insulating phase near TMI. 
It is noted from fig. 4c that the C15-NN samples reflect the pure metallic nature 0 T field. But at the 1 T filed 
it sowing metallic at TMI > 240.54 K, after it shows insulating state (negative dρ/dT) two peak of TI1 and TI2 at 
257.62 and 274.31 respectively51–54.

Conclusions
The superparamagnetic samples of C10-NN, C10-NNG and C15-NN were synthesized via microwave-assisted 
sol-gel auto-combustion method. It is confirmed from the M-R data that the samples exhibit negative magne-
toresistance and hysteresis in magnetoresistance. The resistivity (ρ) versus temperature (T) plots show metallic 
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behavior with applied fields of 0, 1, 5, and 8 T for sample C10-NN, and 1 T for C15-NN sample. At 0 T, the sample 
of C15-NN exhibits metallic behavior up to T > TM (TM = 246 K), with the resistivity falling abruptly above TM. The 
resistivity decreases with increasing temperature and again shows metallic behavior above T < 276 K. The upturn 
of resistivity (ρ) versus temperature (T) towards low temperature of the C10-NNG sample is well described 
by the power series equation and Kondo term. The dρ/dT versus temperature plot indicates a metal-insulator 
transition at applied fields of 0, 1, 5, and 8 T for C10-NNG sample. The results contribute to understanding the 
underlying mechanisms driving these behaviors and suggest potential applications in spintronics devices and 
magnetic sensors. Future research should focus on exploring the precise role of graphene oxide and optimizing 
doping levels to tailor the properties of these materials for specific applications.

Experimental details
A microwave-assisted sol-gel auto-combustion method55 was employed for the synthesis of Co-substituted 
NiO/Ni nanoparticles. During the synthesis of the samples, analytical-grade nickel (II) nitrate hexahydrate 
(Ni(NO3)2·6H2O), cobalt (II) nitrate hexahydrate (Co(NO3)2·6H2O), citric acid monohydrate (C6H8O7·H2O) as 
fuel, and distilled water (solvent) were used without any further purification. We used a reducing atmosphere 
during synthesis to preferentially oxidize Ni while reducing the likelihood of Co oxidation. This method ensures 
that Co predominantly dopes into the NiO sites rather than forming CoO. Samples of 10% Co-doped Ni/NiO 
(C10-NN), GO incorporated 10% Co-doped Ni/NiO (C10-NNG), and 15% Co-doped Ni/NiO (C15-NN) of Ni/
CoxNi1-xO (x = 0.10 and 0.15) were synthesized using the appropriate amounts of nickel nitrate hexahydrate (1-x 
mmol), cobalt nitrate hexahydrate (x mmol), and citric acid monohydrate (2 mmol). Each component was dis-
solved separately in 100 mL of distilled water and stirred for 1 h in a 500 ml beaker. Then, the citric acid solution 
was added dropwise into the precursor solutions mentioned above. The solution was stirred for 2 h at 40 °C until 
a clear solution was formed. Subsequently, the solution was stirred and evaporated for some time at 200 ℃ on a 
hot plate, allowing gelling formation. During the gelling process, the beaker was placed inside a microwave oven 
and heated through microwave irradiation for 10 s for 10 cycles at an output power of 800 W and a frequency of 
2.45 GHz. Microwave irradiation converted the obtained viscous gel into foam, which ignited upon irradiation, 
resulting in loose and burnt powder of the samples. The same procedure was applied for the C10-NNG sample, 
with the only difference being the addition of 10 mg GO during synthesis. Graphene oxide (GO) was prepared 
using a reported Hummers method by Hummers et al.56 as follows: H₂SO₄ (50 mL) was added to a mixture of 
graphite flakes (3.0 g) and NaNO₃ (1.5 g), and the mixture was cooled to 0 ℃. KMnO₄ (9.0 g) was added slowly 
in portions to keep the reaction temperature below 20 ℃. The reaction was then warmed to 35 ℃ and stirred for 
30 min, at which time DI water was added slowly, producing a large exotherm to 98 ℃. The reaction was then 
cooled using a water bath for 10 min. After air cooling, the mixture was purified. Finally, the obtained sample 
powder was used for the synthesis of S2 sample.

X-ray diffraction (XRD) was performed with Bruker D8 Advance X-ray diffractometer using wavelength 
of 1.5406 A0 (Cu Kα). The temperature dependence of electrical resistivity (R-T) andmagnetoresistance (R-H) 
was measured on 9 T-PPMS Quantum Design physical properties measurement system.The magnetic measure-
ment of M-H and M-T was performed on Quantum Design 16 Tesla VSM. Micro-Raman shift (Horiba, LASER 
wavelength 532 nm) is used for local structural properties of samples.The HR-TEM images were collected at 
an accelerating voltage of 300 kV and selected-area electron diffraction (SAED) patterns were acquired with a 
FEG-TEM (FEG Tecnai G2, F30 model). The energy dispersive spectra (EDS) were collected using a FEG-SEM.

Data availability
The datasets analyzed during this study are available from the corresponding author upon reasonable request.
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