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Chapter 7. Observation of magnetic transitions and Kondo effect in the electrical resistivity
of Mn3GaN antiperovskite thin film

In this chapter, we demonstrate the first signature of a single impurity Kondo effect and a series

of magnetic transitions in the temperature-dependent resistivity data of the Mn3GaN compound.

Furthermore, Hall data reveals the existence of AHE, which is likely attributed to spin canting from

non-collinear antiferromagnetic ordering with Γ5g magnetic symmetry due to the coexisting phase

of ferrimagnetic ordering.

7.1 Introduction

Antiperovskites with a general formula X3BA (X = transition metals such as Mn, Co, Fe, Ni; B =

a transition or main group element such as Ga, Al, In, Zn, Sn; and A = C, N, and B) constitute an

important class of materials with potential for a diverse range of technologically useful functional

and multifunctional applications linked with phenomena like geometrically frustrated magnetism

[1, 2, 3, 4], giant magnetoresitivity [5], magnetostriction [6, 8], magnetocaloricity [7, 9], superionic

conductivity [10, 11, 12], superconductivity [13, 14], meta-thermal expansivity [15, 16, 17, 18],

electrocatalysis [19], luminescence [20, 21], to name a few. The structure of these antiperovskites

offers enormous flexibility in accommodating various chemical substitutions at the three sites and,

thereby, the scope for improving the functional behavior of these materials. Among these antiper-

ovskite compounds, the metallic and (antiferro-) magnetic antiperovskites with the chemical formula

Mn3BA, where B can be Ni, Ga, Sn, Cu, etc. while A can be C, N, B, have attracted a lot of attention

in recent years due to their large negative thermal expansion [22, 23, 24, 25], large magnetovolume

effect [26], giant barocaloric effect [27], large anomalous Hall effect [28, 29, 30, 31], anomalous

Nernst effect [32, 33] and electrical switching of spin-orbit torque [34, 35]. Here we present the first

evidence for another exotic phenomenon, namely the under-screened single impurity Kondo effect

with localized spin S = 3/2 in a geometrically frustrated antiferromagnetic compound Mn3GaN, be-

longing to the family of antiperovskites. We believe that our findings open new possibilities for

exploring the fascinating electronic correlation effects in the family of geometrically frustrated an-

tiferromagnetic X3BA type compounds containing other possible elements at the X (such as Co,

Fe, Ni), A (such as C, O) and, B (such as Ge, Cu, Zn) sites with different concentration of anti-site

disorder.
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The study of strongly correlated systems has been a time-honored problem in solid state and mate-

rials sciences [36]. The Kondo effect is one such interesting phenomenon, where normal metallic

hosts like Au, Ag, Cu, Zn, and Mg containing a very small concentration of magnetic impurities like

Mn, Cr, Fe, Mo, Re, and Os were found to exhibit an anomalous logarithmic upturn in resistivity at

low temperatures [37, 38, 39, 40, 41]. This was subsequently explained in terms of antiferromag-

netic exchange coupling between the delocalized conduction electrons and localized spins associ-

ated with the magnetic impurity atoms [38, 39]. When the concentration of the magnetic impurity

is sufficiently large, another resistivity minimum may appear above or below the Kondo minimum

temperature depending on whether the RKKY interaction between the spins is stronger or weaker

than the Kondo coupling [42, 43, 44, 45, 46]. Since the original discovery of the Kondo minimum in

the temperature dependence of resistivity in dilute systems, it has been reported in a diverse range of

materials like graphene [47] and indium tin oxide (ITO) nanowires [48], quantum dots based on Ga-

Al-As interfaces [49] etc. without any doping with a magnetic element. The local magnetic spins in

such systems are mostly due to the presence of defects/vacancies. For example, defects in graphene

create an imbalance between its sublattices and result in the appearance of π-states with energy close

to the Dirac point. As long as these states are singly occupied due to coulomb repulsion, they give

rise to the magnetic moment [50]. In ITO nanowires, the oxygen vacancy in the vicinity of Sn sites

acts as a magnetic impurity [48].

The Kondo effect has been extensively investigated in the heavy fermion Ce, Yb, U based inter-

metallics and compounds where the single-ion Kondo exchange interaction involving hybridization

of almost localized 4f/5f moments with the itinerant electrons leads to the formation of a dense

Kondo lattice or Kondo insulators with a finite band gap [51]. The on-site Kondo interaction in these

systems competes with the inter-site long-range RKKY exchange interactions mediated by the itin-

erant Landau quasiparticles leading to long-range ordered magnetic states [45, 52, 53, 54, 55, 56].

In some of these compounds, non-thermal variables, like pressure, magnetic field, and composi-

tion, have been used to drive the system towards the quantum critical state with exotic properties

[55, 57, 58, 59]. In most of these heavy fermion systems, the long-range ordered anti-ferromagnetic

(LRO AFM) or ferromagnetic (FM) phase results in a temperature lower than the Kondo minimum

temperature [60]. Recently single isolated impurity Kondo minimum and Kondo coherence, leading
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to the opening of a gap characteristic of a Kondo insulator, have been reported in a geometrically

frustrated antiferromagnetic Weyl semimetal Mn3+xSn1−x films for x<0.40 and x>0.40, respec-

tively [64]. It is interesting to note that the isolated impurity Kondo effect and coherence among

them in Mn3+xSn1−x is not because of the magnetic spins taking part in the LRO AFM transition

but is essentially due to anti-site disorder involving the 3d manganese (Mn) atoms occupying the Sn

lattice sites in the crystal structure in marked contrast with the heavy fermion systems.

Motivated by this observation, we have explored the low-temperature resistivity behavior ofMn3GaN

thin films showing semiconducting-like behavior below ∼6K, as intermixing of Mn and Ga (i.e.,

anti-site Mn/Ga disorder) has been reported in this compound [61, 62]. In similar Mn-based antiper-

ovskite Mn3SnN compound, the anomalous Hall effect (AHE) has been observed due to the weak

magnetic moment induced by spin canting from Γ5g antiferromagnetic spin configuration, as a re-

sult of the large displacement of the magnetic manganese atoms away from high-symmetry positions

[63]. The angle of rotation of spin from the Γ5g spin configuration exhibits variation with temper-

ature and consequently, affect the AHE. Similar atomic displacement has also been expected in the

Mn3GaN compound [63]. Such an atomic disorder not only lowers the paramagnetic to LRO geo-

metrically frustrated AFM transition temperature TN ∼290K of the stoichiometric compound but

also leads to another magnetic transition below the TN with systematic composition (x) dependence

for Mn4−xGaxN [62]. This observation opens the possibility of observing isolated impurity Kondo

effect and the AHE due to a very small fraction of Mn spins occupying the Ga lattice sites even in the

so-called “stoichiometric” thin films of Mn3GaN. That this indeed is the case has been confirmed

in the present work using zero field and field dependent resistivity data, which reveal a resistivity

minimum around 6K with a logarithmic upturn and negative magnetoresistance. A detailed anal-

ysis of the resistivity data further shows that this resistivity minimum is due to an under-screened

Kondo effect. Our observation opens the possibility of discovering dense Kondo insulator behav-

ior in Mn3GaN type compounds with antiperovskite structure as a function of the anti-site disorder

similar to that reported in the AFMWeyl semimetals like Mn3+xSn1−x but different from the way it

appears in the heavy fermion systems [51, 54, 65]. In high-temperature region, the analysis of the

resistivity versus temperature data in terms of the Bloch-Gruneisen model reveals signatures of the

paramagnetic (PM) to the AFM Γ5g as well as the Γ5g to the ferrimagnetic M-1 transitions reported
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recently in a neutron diffraction study [66] with different Debye temperatures for the two phases

highlighting the complex interplay of electronic, lattice and spin degrees of freedom in Mn3GaN.

Besides a series of transitions in resistivity data, the Hall data reflects the presence of AHE, which

might be related to a small finite rotation from the Γ5g spin configuration.

7.2 Results and discussion

7.2.1 Methods

The thin film system with 150 nm thickness of Mn3GaN compound was deposited on a single

crystal semiconducting Si (100) substrate using direct current magnetron sputtering (dcMS) tech-

nique with substrate temperature 350◦C. A 2-inch-high purity (99.995%) MnGa target and 3-inch-

high purity (99.995%) Mn were sputtered using a total of 50 standard cubic centimeters per minute

(sccm) having a mixture of 45 sccm Ar (99.9995% purity) and 5 sccm, N2 (99.999% purity) gases.

The base pressure of 1.2×10−7 Torr or lower was achieved before deposition. The working pres-

sure was about 2.4 mTorr due to the flow of process gases. After deposition, the x-ray diffraction

(XRD) data was collected using a Rigaku X-ray diffractometer (wavelength ∼1.54 Å) to extract

information about the crystal structure. In the deposition process, X-ray reflectivity was measured

using a similar X-ray source (Bruker D8 Discover) to measure the film thickness. The thin film

was subsequently examined using energy dispersive x-ray analysis (EDX), field emission scanning

electron microscopy (FESEM), x-ray photoelectron spectroscopy (XPS), and X-ray absorption near

edge spectroscopy (XANES) to confirm the phase formation and elemental composition. The com-

position of the samples is analyzed using EDX and XPS (K-Alpha from Thermo-scientific with

monochromatized Al anode X-ray source). Back-scattered electron (BSE) image taken from SEM

to confirm the uniform growth of the deposited film. XANESmeasurements at Mn L-edge and N K-

edgewere performed in total electron yieldmode at soft x-ray absorption beamline (BL01) of Indus-2

synchrotron radiation source at RRCAT, Indore, India. The direct current (DC) magnetization mea-

surements were performed on a Physical Property Measurement System (PPMS) of Quantum design

(QD). Transport measurements were carried out using the alternating current transport (ACT) op-

tion of 9 T PPMS of QD. Resistivity and magnetoresistance measurements were performed by the
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four-probe method. To remove the transverse resistivity contribution in the M.R. data due to voltage

probe misalignment, we have symmetrized the M.R. data by using the formula ρxx = [ρxx(+H) +

ρxx(-H)]/2, where ρxx is the longitudinal resistivity.

7.2.2 XRD measurement

Figure 7.1: x-ray diffraction data at room temperature of thin film Mn3GaN compound. Inset shows
the crystal structure of the Mn3GaN compound. The blue, red, and orange spheres represent the Ga,
Mn, and N atoms, respectively

The XRD data [Fig. 7.1] of the thin film is collected at room temperature to confirm the phase

formation. The different families of Bragg peaks in the XRD pattern reflect that the deposited thin

film is polycrystalline and confirms the cubic antiperovskite phase formation in the space group Pm-

3m with a lattice parameter afilm ∼3.89 Å, comparable to the value reported in the literature [67, 68].

The presence of different families of Bragg peaks in the XRD pattern reflects that the deposited thin

film has nearly randomly oriented grains. Taking the lattice parameter of the Si substrate (asub) as

5.43 Å, the estimated lattice mismatch [asub−afilm
asub

×100%] turns out to be around 28%, which is high

enough to promote any textured growth. The absence of any detectable secondary phase peak in the

XRD pattern reveals the phase-pure nature of the films.

7.2.3 BSE and EDX analysis

The BSE image [Fig. 7.2 (a)] shows uniform coverage of the film on the substrate, which confirms

the homogeneous growth of thin film on the Si substrate. The EDX data [Fig. 7.2 (b)] collected by
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selecting different regions of the film confirms the average compositional ratio of Mn and Ga is 3:1.

We performed XPS and XANESmeasurements to confirm nitrogen, as a light element is not reliably

detectable by the EDX technique.

Figure 7.2: (a) BSE image of the Mn3GaN thin film. (b) EDX data represents Mn and Ga.

7.2.4 XPS analysis

The wide-range XPS spectra recorded for synthesized Mn3GaN film reflect the characteristic pho-

toemission peak of Mn, Ga, and N, confirming the presence of N along with the Mn and Ga in the

grown Mn3GaN film. The Mn (2p), Ga (2p), and N (1s) XPS spectra in higher resolution are shown

in Fig. 7.3 (a-c). Fig. 7.3 (a) reflects the deconvoluted XPS spectra of Mn (2p) after linear back-

ground subtraction. Two peaks at binding energy (BE), 641.5 eV and 653.2 eV, indicate the Mn

2p3/2) and Mn 2p1/2 energy levels, respectively. There is a satellite peak centered at BE 647 eV. It

has been reported that the peaks centered at BE 641.5 eV and 653.2 eV are assigned to Mn+2 ions,

and the satellite peak centered at BE 647 eV is also a typical feature of Mn+2 ions [114]. As shown

in Fig. 7.3 (b), the deconvoluted peaks of Ga (2p) after linear background reduction are located at BE

1117.6 eV and 1144.5 eV, which corresponds to Ga 2p3/2 and Ga 2p1/2 energy levels. A hump at BE

1133 eV was observed between spin-orbit components, which might be related to the reported loss

feature [115]. Fig. 7.3 (c) depicts the N 1s peak centered at 397 eV, which matches the literature.

The N 1s peak confirms the presence of N in the deposited film as the observed peak is centered at

BE 397 eV, which is different from the BE of atmospheric N2, i.e., 406 eV [116]. To further confirm

the formation of the Mn3GaN film, we have collected XANES spectra.
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Figure 7.3: (a)-(c) Mn-2p, Ga-2p, and N2-1s peaks observed in XPS data of the thin film Mn3GaN
compound.
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7.2.5 XANES analysis

Figure 7.4: (a) and (b) Mn L-edge and N K-edge XANES spectra of the thin film Mn3GaN com-
pound, collected using the total electron yield mode.

The XANES spectra are shown in Fig. 7.4 (a) and (b). Fig. 7.4 (a) shows the spectra of the Mn

L-edge, well matched with the spectra reported for the Mn3GaN [117]. The Mn L3 and L2 edges

centered at photon energy 640.6 eV and 651.4 eV, respectively, can confirm the oxidation state of

Mn, which is consistent with the Mn+2 ion, as reported in the literature for MnO [117]. This is

also in good agreement with the XPS result. Fig. 7.4 (b) indicates the N K-edge centered at photon

energies 397.5 eV, 399.4 eV, and 402.7 eV, represented by a’,b’, and c’. The first feature a’ matches

with N K-edge for η-Mn3N2 [118]. The subsequent features b’ and c’ are most likely arising from

two distinct N metal bond types, such as π-(pz) along the c axis and σ-(pxy) in the ab plane, well

matching with reported N K-edge of GaN [119]. Hence, both XPS and XANES spectra confirm the

presence of nitrogen in our Mn3GaN thin film.
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7.2.6 Resistivity analysis

Bulk stoichiometric Mn3GaN is known to undergo a first-order phase transition from the paramag-

netic (PM) to a geometrically frustrated non-collinear triangular AFM (AFT) phase in Γ5g symmetry

[66] at TN, which is reported to lie in the range∼290 K [26] to∼270 K [62, 66] for the ’stoichiomet-

ric’ samples, depending on the measurement technique employed. This transition is accompanied

with a large negative linear thermal expansion coefficient α∼-25×10-6 K-1 [15]. A recent powder

neutron scattering study has revealed that the onset of this phase transition occurs at ∼270 K but

is completed at ∼220 K with the coexistence of PM and AFM phases in the temperature range of

∼270 K to ∼220 K. The AFM single phase is stable down to ∼120 K, below which it begins to

transform to a ferrimagnetic M-1 phase even as the large fraction of AFM phase continues to coexist

down to the lowest temperature ∼75 K with gradually decreasing phase fraction [66].

The signatures of the above-mentioned sequence of magnetic transitions [66] are observed in the

temperature dependence of the resistivity (ρxx-T plot) shown in Fig. 7.5. It reveals a high-temperature

metal-to-insulator transition (MIT) and insulator-to-metal (IMT) transition at ∼275 K and ∼225 K

during heating, respectively, which correlate well with the onset of the PM to the Γ5g antiferromag-

netic (AFM) transition and completion of the conversion of the coexisting PM phase into the AFM

phase, respectively [66]. Apparently, the phase coexistence increases the resistivity in the 275-220 K

range due to enhanced electron scattering from the PM-AFM interfaces [69, 70]. We observe a ther-

mal hysteresis of ∼1.6 K [see inset (i) of Fig. 7.5], which along with the coexistence of the PM and

AFM phases, confirms the first-order character of the PM to AFM transition. On application of a

high magnetic field of 8 T, the transition temperature is slightly shifted towards the lower temper-

ature side from 275 K to 272 K [see inset (ii) of Fig. 7.5], which is consistent with suppression of

magnetic transition in the geometrically frustrated antiferromagnets under field [71].

The ρxx-T plot in the pure AFM Γ5g phase below ∼225 K shows metal-like behavior in the sense

that the ρxx decreases with temperature. The onset of the AFM Γ5g to the ferrimagnetic M-1 [66] at

∼120 K is signalled by a change in curvature of the ρxx-T plot, as revealed by the anomaly in the first

and second derivatives of resistivity with respect to temperature at ∼120 K (see Fig. 7.6 and inset

of Fig. 7.6, respectively). Not only the resistivity shows an anomaly at the onset of the AFM Γ5g
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Figure 7.5: Temperature-dependent resistivity data at zero field in both cooling and heating cycle.
Inset (i) shows the zoomed view of high temperature thermal hysteresis. Inset (ii) shows the slight
shift in transition temperature in the presence of high magnetic field of 8 T as compared to the zero
field. Inset (iii) shows the zoomed view of the temperature-dependent resistivity data in the low-
temperature region at 0 T and 8 T magnetic fields.

to the ferrimagnetic M-1 phase transition at∼120 K, but temperature-dependent magnetization data

(M-T) at 3 T magnetic field (corrected for the diamagnetic contribution from the Si substrate) also

shows an anomaly in the first derivative of magnetization with respect to temperature, as depicted

in the inset of Fig. 7.7 (a), which further confirms the coupling of the diverse degrees of freedom.

The evolution of a ferro/ferri-magnetic-like rise in M-T data below 75 K may occur due to the ap-

pearance of the large percentage (∼80%) of the ferrimagnetic M-1 phase, as reported in the neutron

diffraction study [66]. The magnetic field-dependent magnetization data (corrected for the diamag-

netic contribution from the Si substrate) [Fig. 7.7 (b)] also shows a sharp increase in magnetization

at higher fields (around 5 T) in the same temperature regime below 75 K due to the appearance of

the ferrimagnetic phase. The broad hump in the M-T plot at ∼40 K in Fig. 7.7 (a) is known to arise
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Figure 7.6: The first derivative of resistivity with respect to temperature. Inset shows the second
derivative of resistivity with respect to temperature.

due to spin disorder resulting from someMn atoms occupying the Ga sites [62], presumably because

of the loss of Ga due to its low vapour pressure. This broad peak shifts systematically to a higher

temperature side with increasing anti-site disorder at the Ga site [62].

Comparing the broad hump temperature in Fig. 7.7 (a) with the published phase diagram [62] of

Mn4−xGaxN as a function of x shows that in our samples, there may be 5% Mn at the Ga site. This

hump is followed by a sharp increase in magnetization with further lowering of the temperature,

presumably due to dominant ferromagnetic contributions [72].

Themetal-like behavior of ρxxwith temperature in both theAFMΓ5g and the ferrimagnetic tetragonal

M-1 phases is primarily due to the interaction between electrons and phonons (e-ph). Accordingly,

we analyzed the ρxx-T data in the range 190-30 K using the Bloch-Grüneisen relation [73]:

ρxx = ρ0 + ρe-ph

(
T

θD

)5 ∫ θD
T

0

x5

(ex − 1)(1− e−x)
dx (7.1)

where ρ0 and ρe-ph represent the residual resistivity and proportionality constant for the electron-

phonon scattering term, respectively, while θD is the Debye temperature. The fit is rather poor, as can

be seen from Fig. 7.9. The misfits in the temperature ranges 190-130 K and 75-30 K, representative
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Figure 7.7: (a) Temperature-dependent magnetization curve at 3 T magnetic field of Mn3GaN thin
film. Inset shows the derivative of magnetization with respect to temperature. (b) Isothermal mag-
netization versus field data at different temperatures. Inset shows a zoomed view of the M-H data
above 50 K.

of the single-phase AFM Γ5g and predominantly (∼80% as per [66]) ferrimagnetic M-1 phase, are

shown more clearly in the insets (i) and (ii) of Fig. 7.9, respectively.

The analysis of the ρxx-T data in the two temperature ranges separately using Eq. 7.1 led to excellent

fits for both regions, as shown in Figs. 7.8 (a) and 7.8 (b). The best fit parameters for the AFM Γ5g

and the predominantly (∼80% as per [66]) ferrimagnetic M-1 phases are ρ0 = 2.7×10−4 Ω.cm, ρe-ph

= 2.4×10−4 Ω.cm, θD = 276 K and ρ0 = 2.6×10−4 Ω.cm, ρe-ph = 1.7×10−4 Ω.cm, θD = 170 K,

respectively. The difference in the ρe-ph and θD values in the AFM Γ5g and the ferrimagnetic M-1

phases clearly reveals the presence of a complex interplay of the lattice, electronic and spin degrees

of freedom [74] in Mn3GaN as the magnetic structure changes.

Below∼30 K, the ρxx-T plot begins to show departures from the Bloch-Grüneisen model and even-

tually leads to a second MIT-like upturn at ∼6 K, as can be seen from Fig. 7.5 and the inset (iii) of

Fig. 7.5. This M-I transition is not linked with any LROmagnetic transitions unlike those at∼225 K

and 75 K [71]. Such a low-temperature upturn can be caused by Kondo effect [38], weak localiza-

tion (WL) [75], and electron-electron interaction (EEI) [76, 77, 78]. The Kondo effect arises due to
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Figure 7.8: Fitting of resistivity versus temperature data using Eq. (7.1) in temperature range (a)
190-130 K and (b) 75-30 K. (c) Fitting of the resistivity minima behaviour using Eq. (2) below 15 K
at 0 T and 8 Tmagnetic fields. The inset (i), (ii), and (iii) indicates the fitting up to 3 K by considering
weak localization effect, Kondo effect, and localized electron-electron interaction, respectively. The
continuous black line indicates the fitted curve.
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Figure 7.9: Fitting of resistivity versus temperature data using Eq. (7.1) in temperature range 190-30
K. Insets (i) and (ii) shows the zoomed view of misfit in the temperature range 190-130 K and 75-30
K, respectively.

antiferromagnetic exchange coupling between the delocalized conduction electrons and localized 3d

spins associated with the magnetic impurity atoms [38, 39]]. WL effect has been generally observed

in weakly disordered systems wherein disorder/defects can affect the motion of conduction electrons

and give rise to the localization effects and, hence, insulating behavior [48, 79].

The EEI, on the other hand, has been attributed to interference among the electron waves result-

ing from the interaction between conduction electrons and their elastic scattering by static inhomo-

geneities or defects in metals [48, 75, 76, 79, 80]. The energy scales associated with these processes

are such that they become effective at rather low temperatures. To understand the genesis of the

low-temperature upturn in the ρxx-T plot of Mn3GaN in Fig.1, we first considered separately the

contributions with WL showing ρxx ∝ -T3/2 dependence [inset (i) of Fig. 7.8 (c)] for a 3D disor-

dered system [48, 81, 82, 83], the Kondo effect showing ρxx ∝ -lnT dependence [inset (ii) of Fig. 7.8

(c)] [75, 80] and the EEI which shows ρxx ∝ -T1/2 dependence [see inset (iii) in Fig. 7.8 (c)]. The

fit for the Kondo effect up to ∼3 K is better than that for the EEI and WL [see the zoomed view in

Figs. 7.10 (a), (b) and (c)]. By including the electron-electron interaction (EEI) term along with the

Kondo term, a good fit is observed up to resistivity minima Tmin ∼6 K, as shown in Fig. 7.11 (a)

suggesting the contributions from both the factors in the resistivity upturn. A good fit at still higher
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Figure 7.10: (a), (b), and (c) Linear fitting of the resistivity data with respect to T3/2, ln(T) and T1/2

by considering weak localization, Kondo scattering and electron-electron scattering mechanisms,
respectively.

temperatures up to ∼10 K can be obtained by considering inclusion of the Fermi liquid term (ρxx

∝ T2) [84], as can be seen from Fig. 7.11 (b). The Fermi liquid (FL) behavior is expected due to

the delocalized electron-electron correlations [85] above the resistivity upturn temperature as a pre-

cursor spin-flip scattering [86]. Finally, a very good fit up to ∼15 K was obtained by incorporating

the electron-phonon contribution, which varies as ρxx ∝ T5 at low temperatures [87]. Therefore, we

have fitted the overall resistivity behavior in the temperature range of 2-15 K using the following

equation:

ρxx(T ) = ρ0 − ρk.lnT + ρe-e.T
1/2 + ρfl.T

2 + ρe-ph.T
5 (7.2)

where ρ0, ρk, ρe-e, ρfl, and ρe-ph are residual resistivity, Kondo-like spin-dependent scattering coeffi-

cient, EEI coefficient, electron-electron correlation coefficient described by FL theory and electron-
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Figure 7.11: (a) Fitting of the observed upturn in resistivity below 6 K at zero magnetic field consid-
ering Kondo and electron-electron coupling terms. (b) Fitting of the observed minima in resistivity
up to 10 K considering Kondo, electron-electron coupling, and Fermi liquid terms. (c) Fitting of
the observed minima up to 15 K considering weak localization, electron-electron coupling, Fermi
liquid and electron-phonon interaction terms. (d) Fitting of the minima up to 15 K considering only
electron-electron coupling, Fermi liquid and electron-phonon interaction terms.

phonon scattering coefficient, respectively. The data at zero magnetic field fits very well with

Eq. (7.2), as can be seen from Fig. 7.8 (c). The coefficients ρk, ρe-e, ρfl, and ρe-ph for the best fit

are 7.6×10−6, 7×10−6 Ω.cm/K−1/2, -1.5×10−8 Ω.cm/K−2, and 1×10−12 Ω.cm/K−5, respectively.

These values indicate that the Kondo effect has the dominant contribution followed by the EEI con-

tribution over the other terms. It is well known that the Kondo scattering is suppressed at higher

magnetic fields because of the weakening of the spin-flip scattering [54, 88] due to gµBH>> kBTk,

where Tk is the Kondo temperature, which is defined as the onset temperature for the logarithmic

upturn [89]. The Tk can be estimated from the ρxx(T) plot, which has the dominant contribution

of the Kondo effect and electron-electron scattering mechanism. The differential of the ρxx-T [90]

with only the Kondo and EEI terms results in Tk = (2ρk/ρe-e)2 = 5.5 K, obtained from the value of
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coefficients ρk = 6.5×10−6 and ρe-e = 5.5×10−6 Ω.cm/K−1/2 for the fit shown in Fig. 7.11 (a), which

is very close to the Tmin (∼6 K) at zero magnetic field though not exactly the same [48]. Since the

EEI contribution is field independent [77] while the Kondo contribution is field dependent, we also

analyzed the ρxx-T data at a field of 8 T applied along the z-direction for which gµBH >> kBTk.

We find that ρxx-T data at 8 T is well fitted using Eq. (7.2) without considering the Kondo contribu-

tion, as can be seen from Fig. 7.8 (c). The coefficients obtained from this fit are ρe-e = -5.7×10−7

Ω.cm/K−1/2, ρfl = 8.9×10−9 Ω.cm/K−2, and ρe-ph = -2.5×10−13 Ω.cm/K−5. This clearly shows that

the Kondo contribution is getting suppressed at the higher magnetic field, making EEI the dominant

contributor to the resistivity upturn, as expected [54, 91]. Fits at 0 T field involvingWL term instead

of Kondo term in Eq. (7.2) were found to be less satisfactory (see Fig. 7.11 (c)). Further, dropping

the Kondo or WL terms altogether in Eq. (7.2) led to far worse fits (see Fig. 7.11 (d)). All these

clearly indicate that the main contributors to the resistivity upturn below∼6 K in zero magnetic field

are the Kondo scattering and EEI, the former being the dominant one.

In order to rule out the WL contribution to the resistivity upturn convincingly and confirm the pres-

ence of the dominant Kondo effect unambiguously, we analyzed the resistivity data measured with

the magnetic field (ρxx-H) applied perpendicular to the plane of the thin film at selected temperatures

and calculated the magnetoresistance (M.R.) using the relationship [92]:

M.R. =
ρxx(H)− ρxx(H = 0)

ρxx(H = 0)
(7.3)

Fig. 7.12 (a) shows the M.R. at different temperatures. The M.R. is either positive or negative in

the entire magnetic field region at temperatures (250 K, 200 K, and 50 K), well above the resistivity

minimum, depending upon the type of spin ordering. In the temperature range 275-220 K, where the

PM and AFM phases coexist [66], the M.R. is found to be positive due to AFM spin ordering within

the PM phase, as illustrated in Fig. 7.12 (a) for 250 K. In the pure AFM regime from 220-120 K also,

theM.R. is positive, but its magnitude is much less than that in the PM+AFM coexistence regime, as

can be seen from a comparison of the M.R. values at 250 K and 200 K, which might be observed due

to pure AFM ordering at 200 K as per the neutron scattering results [66]. The underlying mechanism

behind the observed positive M.R. is that the application of an external magnetic field suppresses
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Figure 7.12: (a) Magnetoresistance data at different temperatures. (b) and (c) show fitting of low-
field magnetoconductivity and magnetoresistance data using Eq. (7.4) and (7.5), respectively. The
continuous black line indicates the fitted curve.

the long-range antiferromagnetic order, leading to the emergence of short-range antiferromagnetic

fluctuations [93]. These fluctuations enhance electronic scattering, which ultimately results in an

increase in resistivitywith themagnetic field. In the temperature regimewhere the ferrimagneticM-1

phase dominates, theM.R. is found to have a negative value, as illustrated in Fig. 7.12 (a) at 50K. The

negative M.R. arises due to the reduction in electronic scattering due to the magnetic field-induced

enhanced spin ordering [93]. As we move towards lower temperatures below 50 K, we observe non-

monotonic negative M.R. behavior, which increases at lower fields but starts decreasing at higher

fields. Such a negative M.R. below the resistivity upturn temperature can in principle arise due to

either WL or Kondo effect with subtle differences [94]. One expects a cusp-like behavior around
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zero field for WL whose absence in Fig. 7.12(a) makes WL contribution unlikely [95]. The WL and

Kondo effect-driven magnetoconductivity (∆σxx) and M.R. have different field dependence. The

∆σxx forWL in 3D systems follows the following field dependence at low fields [96, 97, 98, 99, 100]:

∆σxx(H) = σxx(H)− σxx(H = 0) = C.H1/2 (7.4)

where ∆σxx(H) and ∆σxx(H=0) are the magnetic field (H) dependent and zero field (H=0) conduc-

tivity, respectively, and C is a proportionality constant. The negative M.R. due to the Kondo effect,

on the other hand, follows quadratic dependence at low magnetic fields [101, 102]:

M.R. = S(T ).H2 (7.5)

Figure 7.13: Fitting of the low-field magnetoresistance data using Eq. (7.5).

where S(T) is a temperature-dependent proportionality coefficient. Fig. 7.12 (b) and 7.12 (c) depict
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the fits to Eqs. (7.4) and (7.5), respectively. It is evident that the negative M.R. at 2 K is best

explained by the Kondo effect and not the WL effect up to 3 T. In a Kondo system, the magnetic

field reduces the fluctuations in localizedmagneticmoments and spin-dependent scattering, resulting

in a negative M.R. [94, 103]. However, when the magnetic field strength exceeds a critical value,

the exchange interaction between conduction electrons and magnetic impurities becomes weaker

as compared to kBTk, leading to the destabilization of Kondo screening [88]. This nonmonotonic

negative MR persists even at 10 K (see Fig. 7.13), confirming the presence of precursor spin-flip

scattering above the Kondo minimum temperature also.

Figure 7.14: (a) Fitting of resistivity versus temperature data at zero field in the low-temperature
region by using empirical relation derived from numerical renormalization group (NRG) calculation.
(b) Fitting of magnetic field dependent resistivity data in low magnetic field region < 3 T at 2 K by
following NRG n-channel Kondo model. The continuous black line indicates the fitted curve.
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The local spin-dependent scattering ρs(T) for a Kondo system using the approach of numerical renor-

malization group (NRG) method, can be expressed as [104]:

ρs(T ) = ρs(0)[1 + (21/α − 1)(T/TK)
2]−α (7.6)

where α is a parameter related to the steepness of the ρxx-T plot below the upturn temperature and

ρs(0) is the coefficient of spin-dependent scattering. Even after replacing the lnT Kondo term in

Eq. (7.2) with the above empirical expression in Eq. (7.6) for spin-dependent scattering, the zero

field resistivity data shows an excellent fit for Tk ∼5.5 K, estimated from the differential resistivity

from fits below 6 K using Kondo and EEI terms [Fig. 7.14 (a)]. The value of α and the coefficient

ρs(0) obtained for this Tk are 0.146 and 3.0×10−7, respectively. The value of α suggests local spin

moment S = 3/2 [104, 105] for the Mn atoms at the Ga site.

The local spin S = 3/2 can interact with the conduction electrons through n different orbital channels,

where n = 2S. The ground state of the Kondo system is decided by the extent of screening of the

isolated magnetic spin by the conduction electrons. It is therefore of interest to explore the number

of orbital channels involved in the spin-flip scattering. This was carried out by analyzing the M.R.

data using the NRG n-channel Kondo model. The ρxx-H (T = 0 K) linked to spin ±1/2 conduction

electrons in a system containing a small concentration of Kondo spin S is expressed as [48, 104, 106]:

ρxx(H) =
2mπ2N(ω = 0)

nee2
[Sin2δ1/2(H) + Sin2δ−1/2(H)]−1 (7.7)

where ne, m, and e are electron density, electron mass, and charge, respectively, while N(ω=0) is

the unperturbed electron density of states per spin at the frequency ω = 0. The scattered electron

phase shift δ±1/2(H) is connected to local spin magnetization Mi(H), expressed as δ±1/2(H) = π/2[1

± 2Mi(H)] [107]. Mi(H) relies on the interplay between n and S, with each channel carrying 1/2

spin. Three situations arise: (i) n = 2S; (ii) n > 2S; (iii) n < 2S. In the case of n = 2S, conduction

electrons fully screen the local spin. When n > 2S, scattering electrons over-compensate the local

spin S, leading to non-Fermi liquid behavior and possible AFM interaction [108]. On the other

hand, n< 2S results in an incomplete quenching of the local spin by scattering electrons, and in this
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case, uncompensated spins can interact via RKKY interaction, possibly resulting in a ferromagnetic

ground state below Kondo temperature Tk [108]. For gµBH << kBTk, the expressions for Mi(H) in

the above three scenarios are as follows [48, 108]:

Mi(H)∼ gµBH

2πkBTK
+ k1(

gµBH

2πkBTK
)3 + ......; (n = 2S) (7.8)

Mi(H)∼(S − n/2)(1− 1

log( gµBH
2πkBTK

)
)......; (n < 2S) (7.9)

Mi(H)∼
∞∑
k=1

bk(
H

TK
)2k/n +

∞∑
k=0

ck(
H

TK
)2k+1......; (n > 2s) (7.10)

where g, µB, and kB are the g factor, Bohr magnetron, and Boltzmann constant, respectively, while

k1, bk, and ck are temperature and field-independent coefficients. We fitted the observed MR data

in the low field limit for the three scenarios following earlier works [48, 108] and found that the

best fit is obtained for n < 2S [see Fig. 7.14 (b)], and the value of the parameter n obtained after the

least squares fit is 1, which indicates that the conduction electrons are unable to completely screen

the spin of the magnetic impurity through the available orbital channels. The underscreened spin

magnetic moments (S-n/2 > 0) could develop LRO ferromagnetism [108] via the RKKY exchange

interaction at low temperatures if their concentration is above some threshold value.

As said earlier, in the Mn3GaN compound, the possible anti-site Mn/Ga disorder [62] can lead to

a very small fraction of Mn spins occupying the Ga sites, which may behave as magnetic impuri-

ties. These impurities further interact with the d-like conduction band states on the Mn-triangular

sublattices via the Heisenberg exchange, which may be responsible for the observed Kondo effect.

Varying the relative concentration of Mn and Ga in Mn3+xGa1−xN may result into a larger fraction

of Mn occupying the Ga sites with increasing x. This may enhance the probability of interactions

between impurity spins and conduction electrons and result in the stronger Kondo effect, which may

develop coherence leading to the dense Kondo lattice[59] and open an energy gap near the Fermi

level, giving rise to the emergence of Kondo insulator as reported in hexagonal Mn3+xSn1−x, where
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due to antisite disorder in which a large fraction of Mn occupying the Sn site [64]. We hope our

work stimulates further studies on system Mn3+xGa1−xN as a function of x in search of the Kondo

insulator state.

7.2.7 Anomalous Hall analysis

Figure 7.15: (a) Hall resistivity of the Mn3GaN compound at different temperatures. (b) Anomalous
Hall resistivity at different temperatures. (c) Anomalous Hall conductivity at different temperatures.
(d) Variation of anomalous Hall conductivity at zero field as a function of temperature.

The Hall measurements are carried out in temperature range of 2-200K to investigate the anomalous

Hall effect in the Mn3GaN compound. The Hall data is collected at different temperatures up to the

magnetic field of±8T [Fig. 7.15 (a)], which indicates the presence of AHE. The total Hall resistivity

is typically consist of two contributions,i.e., ordinary Hall and anomalous Hall [109]-
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ρxy = R0H +RsM (7.11)

whereR0 andRs are the coefficient of ordinary Hall and anomalous Hall resistivity, respectively. To

calculate the coefficients, we have fitted the high field Hall data using the above relation. Fig. 7.15

(b) shows the anomalous Hall resistivity (ρAH) after subtracting the ordinary Hall contribution from

the field dependent total Hall resistivity [Fig. 7.15 (a)] by using the obtained value of ordinary Hall

coefficient. We have subsequently calculated the anomalous Hall conductivity (AHC) by using the

relation [110]-

σAH =
ρAH

ρH2 + ρxx2
(7.12)

Fig. 7.15 (c) represents the AHC at different temperatures, which indicates that the AHE is strongly

dependent on temperature. Notably, there is an hysteresis in the Hall data, whereas there is no such

kind of feature observed in theM-H data. The very small magnetic moment, and the hysteretic nature

of the Hall data confirm that AHE is not related to magnetization of the Mn3GaN compound and is

possibly related to the non-collinear AFM spin texture. A reported theoretical study suggests that

the AHC in non-collinear AFM phase with Γ5g magnetic symmetry will be zero and a small finite

rotation from the Γ5g spin configuration may give rise to the finite AHE [112]. In Fig. 7.15 (d), we

have plotted the remanent AHC (AHC at zero field) as a function of temperature. Wemay clearly see

that the AHC is maximum at 2K and continuously decreasing with the increase in temperature and

nearly vanishes at 200K, which lies in the pure AFM Γ5g region. In low-temperature region below

200K, where the AFM Γ5g and ferrimagnetic M-1 phase coexist, the AHC emerges, which may be

related to the spin canting from Γ5g spin configuration due to the coexisting phase of ferrimagnetic

ordering [111]. Therefore, our experimental finding is consistent with previous theoretical study on

the Mn3GaN compound. The decrease in AHE with increase in temperature may be attributed to

the variation in the angle of spin canting due to the reduction in the strength of ferrimagnetism with

increasing temperature [66]. Similar temperature-dependent behavior of AHE due to variation in

the angle of spin canting as a function of temperature has also been observed in a similar compound
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Mn3SnN [63].

7.3 Conclusion

In summary, we prepared a thin film sample of Mn3GaN compound with antiperovskite structure

confirmed by XRD and further characterized by various techniques such as FESEM, XPS, and

XANES. The analysis of ρxx-T behavior of the thin film sample in the 300-30 K range in terms

of the Bloch- Gruneisen model reveals signatures of the paramagnetic (PM) to the AFM Γ5g as well

as the Γ5g to the ferrimagnetic M-1 transitions reported recently in a neutron diffraction study [K. Shi

et al., Adv. Mater. 28, 3761 (2016)] with different Debye temperatures for the two magnetic phases,

revealing the coupling of lattice, electronic, and spin degrees of freedom. Further, the ρxx-T plot re-

veals an upturn below ∼6 K at zero magnetic field due to the combined effect of Kondo scattering

and EEI, with the former being the dominant contributor. On application of a high magnetic field of

8 T, the Kondo contribution to the resistivity upturn disappears, leaving behind only the magnetic

field-independent EEI contribution. Additionally, the quadratic field dependence of negative M.R.

below the resistivity minimum temperature further confirms the Kondo effect and rules out WL con-

tributions to the resistivity upturn behavior. The analysis of resistivity data in terms of the n-channel

NRG model reveals that the local impurity spin is underscreened, which suggests the possibility

of LRO ferromagnetic phase through RKKY interaction among the isolated magnetic spins if their

concentration at the Ga sites due to anti-site disorder increases above a threshold value. It also opens

the possibility of Kondo insulator behavior similar to Mn3+xSn1−x above a critical concentration of

anti-site Mn/Ga disorder. We hope our results will stimulate further studies on this system to un-

ravel the richness of exotic phenomena due to the coupling of lattice, electronic, and spin degrees

of freedom. In addition to the exotic features in resistivity data, the Hall data reflects the presence

of AHE, which might be related to a small finite rotation from the Γ5g spin configuration.
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