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Abstract

:

Raman spectroscopy and magnetic properties of the natural single crystalline diamonds irradiated with high fluences of fast reactor neutrons have been investigated. Raman spectra transformations were studied in the range from moderate levels up to radiation damage leading to diamond graphitization. The selection of fast neutrons irradiated diamonds for magnetic measurements was carried out according to Raman scattering data on the basis of the intensity criterion and the spectral position of the “1640” band. It was found that in natural diamonds irradiated with neutrons with an extremely high subcritical fluence F = 5 × 1020 cm−2, the transition from a diamagnetic to a ferromagnetic state is observed at the Curie–Weiss temperature of ≈150 K. The energy of the exchange magnetic interaction of uncompensated spins is estimated to be ≈1.7 meV. The differential magnetic susceptibility estimated from the measurements of magnetic moment for temperature 2 K in the limit of B ≈ 0 is χdiff ≈ 1.8 × 10−3 SI units. The nature of magnetism in radiation-disordered single-crystal hydrogen- and metal-free natural diamond grains was discussed.
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1. Introduction


Inducing intrinsic magnetism in the nominally nonmagnetic carbon materials containing only s- and p-electrons is an intriguing yet challenging task [1]. The experimental discovery of magnetism in polymerized fullerenes [2] and in graphite irradiated with protons [3,4] has stimulated numerous experimental and theoretical studies of the magnetic properties of pure carbon structures. Lightweight non-metallic magnetic carbon materials with a Curie point above room temperature are very promising for applications in medicine and biology as a unique biocompatible magnet [5] as well as in nanotechnology, telecommunications, and carbon electronics.



The variety of chemical compounds of carbon is explained by the ability of its s- and p-electrons to form hybrid electronic orbitals in different proportions. The electronic subsystem of a cooperative system of carbon atoms is very labile and is characterized by many metastable states, while transitions from one state to another are possible (switching effects) even with the same fixed configuration of nuclei. The allotropy of carbon leads to the formation of pure carbon structures with a wide variety of and often opposite properties [6]. Therefore, it is not surprising that the main experimental successes towards obtaining pure carbon ferromagnets are associated with films or 2D objects with close proportions of sp3 and sp2 carbon, and high concentration of defects, including hydrogenated ones, in which hydrogen seems to play a stabilizing role, preventing the transition of sp3 carbon to sp2 carbon. Various synthesis methods have been tried to obtain magnetic carbon.



The defect-induced magnetism in carbon materials (mainly ion-implanted diamonds) was studied experimentally and theoretically in [7,8,9,10,11,12,13,14] etc. Two mutually consistent basic models dominated for a long time, explaining the manifestations of the magnetism of pure carbon materials—the “amorphous” one with variable sp3/sp2-carbon hybridization [15] and the “hydrogen” one, according to which the decisive role of reactive hydrogen was assumed [16].



The measurements [17] confirmed the ferromagnetism of proton-irradiated carbon films without metal impurities. The superparamagnetism found [18] during measurements on a SQUID magnetometer in proton-irradiated diamonds grown in high-pressure autoclaves (HPHT synthesis) was explained by the interaction of amorphous carbon (formed upon irradiation) and ferromagnetic impurities contained in the HPHT sample. Unusual behavior of the magnetic moment in HPHT synthetic nitrogen-doped diamond crystals was also observed due to the existence of superparamagnetic and superconducting regions [19]. Measurements on a SQUID magnetometer in [20] irradiated with 1–2 MeV proton beams ultra-pure CVD (chemically vapor deposited) diamonds confirmed the presence of high-temperature paramagnetic properties. Based on photoluminescence data, it was suggested that vacancies have a decisive influence on magnetism in diamonds. However, the Raman spectra presented in the same article [20] do not support this hypothesis.



CVD diamond crystals implanted with deuterium ions [21] also demonstrate magnetism. A hysteresis was observed in the CW-ESR (continuous wave electron spin resonance) spectra of CVD diamonds implanted with hydrogen isotopes and annealed in vacuum at temperatures in the range from 1000 to 1300 °C, which indicates the ordering of electron spins. This effect was enhanced in natural diamonds implanted with hydrogen in the channeling mode. The absence of ferromagnetic impurities in the untreated crystals of natural and CVD diamond and the coincidence of C–H bond breaking temperatures and disappearance of hysteresis in EPR spectra made it possible to consider deuterium (hydrogen)–vacancy complexes as the most probable cause of spin ordering. Ferromagnetism was revealed [22] in nanocrystalline diamond films implanted with 35 keV nitrogen. It should be noted that nanocrystalline CVD diamond films usually contain up to 1–2 at.% of hydrogen located at intercrystallite boundaries, which may be a piece of evidence in favor of the “hydrogen” model of magnetism in irradiation-modified diamonds. In the case of pure diamond, Talapatra et al. [23] reported the existence of ferromagnetic hysteresis at room temperature in the magnetization of nanograins of diamond after nitrogen and carbon irradiation.



Ferromagnetism with a Curie temperature of about 500 K was discovered in ultrathin layers of so-called Q-carbon with a predominantly amorphous structure [24,25,26], which is formed during the melting and rapid cooling of a carbon film after exposure to nanosecond laser pulses. The fraction of sp3 carbon in Q-carbon is from 75 to 85%, and the remaining carbon atoms are sp2 hybridized [24].



Ferromagnetism in a carbon film deposited in a radio frequency discharge was confirmed by measurements on a SQUID magnetometer [27] and explained by changes in the sp2/sp3 carbon ratio. Carbon microspheres with a diameter of about 3 μm containing graphitized nanocrystals with a thickness of 5–15 layers of graphene were obtained by pyrolysis, which exhibits ferromagnetic properties [28].



Magnetic ordering was observed in graphite and graphene oxide as a result of implantation with 100 MeV gold ions [29], as well as upon implantation of highly oriented pyrolytic graphite (HOPG) separately with carbon and hydrogen ions [30]. It is reported [31] on the production of pyrolytic magnetic carbon with the concentration of uncompensated electron spins of (3.5 ± 0.7) × 1015 spins/mg. Magnetic ordering at room temperature was also obtained for polyaniline composites containing carbon quantum dots [32].



Due to high processability, studies of the magnetic properties of laser-graphitized films are of special interest. The observation of a stable ferromagnetic response at a temperature of 300 K from a 20 nm thick surface layer formed in the cut region of diamond crystal by a laser (wavelength 532 nm, energy 0.5 mJ, pulse duration 200 ns at the frequency of 15 kHz) is reported [33]. In this case, the magnetic moment measured by the SQUID magnetometer was observed only for crystals that were cut by a laser along the (100) surface orientation. The magnetic signals were much weaker for (110) and negligible for (111) laser-cut diamond surfaces. The dependence of the structure of the laser-graphitized layer on the crystallographic orientation of the diamond surface was previously discovered in [34,35]. The ferromagnetic signal (coercive fields ≈ 8 mT) disappeared after chemical etching or after moderate temperature annealing. According to [33], the results indicate that laser processing of diamond can lead to the creation of ferromagnetic spots on its surface. This phenomenon can be of interest not only for memory devices but also for other rather subtle applications [36,37,38,39], such as using a localized magnetic spot near a nitrogen–carbon vacancy (NV-center) to influence its magneto-optical response, especially to increase its field sensitivity at certain applied field ranges. The processability of this approach arises from the ability of laser radiation to locally form NV centers in the volume of diamond samples [38,39,40].



Current understanding about the mechanisms of ferromagnetism of pure carbon materials is actively developing. Various causes capable of inducing a magnetic state in pure carbon systems have been considered: defects in the crystal lattice [8,12], band ferromagnetism [41], and negatively curved sp2-bonded nanoregions in carbon structures [42], vacancy-hydrogen complexes [43], hydrogen passivated vacancies in graphene [44], etc. To explain ferromagnetism in graphite irradiated with high-energy protons, models based on the formation of networks of point defects due to grain boundaries [45] or high concentrations of vacancies [46] were proposed in [3]. As for the magnetic properties of Q-carbon and amorphous carbon, a model was proposed in [15] that makes it possible to explain the magnetic properties of these materials by the presence of unpaired electrons in three-coordinated sp2-carbon atoms. In a later publication [47], the assumption was substantiated that in amorphous carbon and Q-carbon having a low specific density, carbon chains, i.e., sp1 and sp2 carbon, are responsible for magnetism. Thus, despite significant efforts, there is currently no generally accepted point of view and understanding of the nature of magnetism in pure carbon materials. Moreover, it is not clear whether the mechanism of formation of the magnetic state is common for all carbon systems or whether it differs for different allotropes.



The formation of a magnetic state in sp2-carbon materials can be considered an established experimental fact, but these materials, unlike diamonds, do not have outstanding physical and chemical properties. Diamond is considered a promising material for high-temperature electronics and spintronics. Weak spin-orbit and hyperfine interactions in diamond contribute to a large diffusion length and coherence time of the electron spin and thus create the necessary conditions for spin manipulation. Irradiation of diamonds with fast reactor neutrons, which modify uniformly their bulk properties in a wide range of damage [48,49], is one of the ways to form a magnetic state in diamonds. In [50], metastable spin states (of a spin glass type) were found at room temperature in the absence of illumination by CW-ESR measurements in CVD diamond films irradiated with fast reactor neutrons.



It should be noted that in a number of studies, false positive results may have been obtained, since metal mills were used to prepare samples of carbon materials, which, in combination with the exceptional hardness of diamond, led to contamination of the samples with metals. False positive results can also be obtained from measurements of diamond crystals. The ambiguity of the results of magnetic measurements for diamonds is often due to studies of synthetic crystals that may contain processing impurities of d- and f-elements. A paramagnetic or ferromagnetic contribution in nominally non-magnetic materials also may originate from magnetic impurities present in the carbon materials. These are diamond grown in HPHT synthesis, in which catalyst metals (Fe, Ni, and Co) are used to dissolve graphite. Besides, additional special measures should be taken in the experimental study of magnetic properties [51]. Polycrystalline CVD diamond films deposited in an activated plasma (usually a mixture of methane and hydrogen) can contain high concentrations of chemically bound hydrogen, localized mainly at intercrystallite boundaries, as well as paramagnetic nitrogen in substitution positions, which makes it difficult to establish the nature of magnetism in diamond between “amorphous” and “hydrogen” models.



The purpose of this work is to study the effect of fast neutron irradiation with high but subcritical fluences (which does not lead to irreversible graphitization) on the magnetic state of single-crystal hydrogen- and metal-free natural diamond grains.




2. Materials and Methods


To study the magnetic properties, single-crystal natural diamond grains of IIa type with an average “diameter” of ≈0.5 mm, irradiated with fast reactor neutrons with fluences close to the critical damage level of diamond, were selected according to their Raman data. At the critical level of radiation damage, diamonds are irreversibly transformed into a graphite-like material during subsequent high-temperature annealing. Diamonds irradiated with fast neutrons are better suited for studying the radiation-induced transformations of the crystal structure than diamonds after ion implantation. The interaction cross-section of neutrons with carbon atoms is small; therefore, the radiation damage due to these interactions is uniformly distributed over the whole crystal volume. As reference samples, we used natural and CVD diamonds, both irradiated with fast neutrons and implanted with helium ions.



Irradiation with fast neutrons was carried out in the nuclear reactor of the National Research Center “Kurchatov Institute” [52] and in the IVV-2M research nuclear reactor of the Institute of Metal Physics of Ural Branch of Russian Academy of Sciences [48], while implantation with helium ions was performed at the “High Voltage Engineering Europa B.V.” ion accelerator. Raman spectra were measured under laboratory conditions on Horiba Jobin Yvon Lab-RAM HR (Lille, France) and Nanofinder HE (Lotis TII-Tokyo Instruments, Tokyo, Japan) spectrometers with excitation at 473 and 532 nm, respectively. The resolution of these Raman spectrometers was ΔνR = 0.5–1.0 cm−1. The samples were annealed in an oven with graphite walls, in a vacuum of 10−5 Torr, at temperatures from 200 to 1700 °C (for 60 min at fixed temperature). After the heat treatment, the samples were etched in a hot H2SO4 + K2Cr2O7 solution at ≈180 °C, to remove graphite that might be formed on external surfaces. Cleaning of the virgin and irradiated grains of natural diamond (113 pcs of each type, average grain diameter of ≈0.5 mm) from possible magnetic contamination on the surface was carried out by etching in hot acids, as well as in a quartz test tube (successively filled with alcohol and distilled water) placed in an ultrasonic bath PSB-1335-05 “Ecoton” filled with water. The ultrasound frequency was 35 kHz, and the power of the ultrasound generator was 50 W. The processing time of virgin and irradiated diamond grains in each liquid under laboratory conditions was 10 min. Recommendations [51,53] were taken into account to exclude possible sources of magnetic contamination of diamond grains.



Magnetic measurements in the range of magnetic field B from −8 to 8 T were carried out on a High Field Cryogen Free Measurement System with a Vibrating Sample Magnetometer (Cryogenic Ltd., London, UK) in the temperature range from 2 to 300 K. The magnetic field B was swept at a rate of up to 0.1 T/min. The samples were placed in a thin-walled hard gelatin ampoule and sealed with dry cotton to fix their position during the measurements. The ampoule with samples was fixed in a thin-walled polypropylene tube mounted at the end of the vibration head rod. The rod vibration frequency was 21 Hz. The oscillation amplitude was in the range of 1–2 mm.




3. Results and Discussion


3.1. Raman Spectra of Neutron-Irradiated Diamonds


Raman scattering is an informative nondestructive method for the analysis of a wide class of carbon materials. Figure 1 shows the Raman spectra of irradiation-modified natural and CVD diamonds. In the unirradiated diamond, the maximum of Raman line was at 1332.4 cm−1, and FWHM (full width at half maximum) is ≈2 cm−1. The irradiation with fast neutrons with fluence F = 3 × 1018 cm−2 leads to a decrease in the intensity of diamond Raman peak, an increase in FWHM up to ≈6 cm−1, and a shift of the diamond line to 1328.8 cm−1. The maximum of the band near 1630 cm−1, which is characteristic of the Raman spectra of radiation damaged diamonds [54,55], was at 1634 cm−1. The spectra also contain a rather sharp defect-induced band at 1420 cm−1, which is attributed to intrinsic defect containing interstitial atoms [56].



In the low-frequency region of the spectrum of diamond irradiated with fast neutrons with fluence F = 3 × 1018 cm−2, a wide structural band dominates with singularities 990, 1008, 1120, and 1235 cm−1, which exactly coincide with phonon frequencies at the singular points of the Brillouin zone LA(L), LA(K) and TO(W), TO(K), LO(K), and LO(L), respectively [56,57,58]. In the range of 900–1300 cm−1, the spectrum is close to the spectrum of the phonon density of states (PDOS) of diamond [59]. The appearance of these singularities in the Raman spectra is attributed to phonon confinement effect [60,61] due to the high concentration of intrinsic irradiation-induced defects and consequently a decrease in the phonon mean free path Lph in radiation damaged diamond [49]. The broad low-frequency band with a maximum at about 400 cm−1 (Figure 1) coincides with the band observed in natural diamonds implanted with helium ions [54,62], as well as in nanodiamonds [61,63]. Historically, such a peak in disordered materials has been called the boson peak [64,65]. According to our studies [62], amorphous diamond is unstable under normal conditions and due to the pressure from the diamond matrix can exist only in the form of nanoinclusions. The coexistence of amorphous and crystalline regions in radiation-damaged diamond is also noticeable in the Raman spectra, in which there is simultaneously a diamond peak, a wide band with a spectrum close to PDOS of diamond, as well as a boson peak characteristic of amorphous diamond.



A further increase in the neutron fluence (up to 1 × 1019 cm−2 and higher) leads to broadening, weakening, and low-frequency shift of the diamond peak in the Raman spectra (Figure 1), which is typical for radiation-disordered diamonds [41,54,66,67,68] with the phonon mean free path Lph < 5 nm [49]. The absence of a diamond peak in the Raman spectra is partly explained by the fact that the cross section for Raman scattering of light in diamond is much smaller than in other allotropic forms of carbon. As the fluence (level of radiation damage) increases, the maximum of the boson peak shifts slightly towards higher frequencies, and its relative intensity increases, which indicates an increase in the volume fraction of amorphized diamond in the samples. At the same time, the intensity of a broad band of unidentified nature with a maximum near 720 cm−1 increases (Figure 1). It is possible that the band at 720 cm−1 is associated with a feature of the vibrational density of states activated by the disorder of the sp2 phase [69]. The position, relative amplitude, and FWHM of the band around 1600–1640 cm−1 are most sensitive to the neutron fluence (Figure 1). As the neutron fluence increases from 3 × 1018 to 5 × 1020 cm−2, the relative intensity of this band increases significantly, and its maximum shifts to low frequencies up to 1574 cm−1 (Figure 1 and Figure 2).



The position of the “1640” band is higher than the graphitic mode at 1580 cm−1 (G peak) [70], which is doubly degenerate (TO and LO) phonon mode (E2g symmetry) at the center of the Brillouin zone. The nature of the “1640” band in diamonds with a damage level below the critical level is complex. The measurements were performed on ion-implanted and fast neutron-irradiated diamonds [55], and the “1640” band consists of several peaks, which shift to higher frequencies and become narrower with decreasing in the radiation damage level. The decomposition of the “1640” band showed that it consists of at least six Gaussian peaks (FWHM of 6–10 cm−1), which shift to lower frequencies and become wider with increasing in the radiation damage level [55]. These peaks appear to refer to various irradiation-induced defects. The observed sharpness of the peaks indicates that they originate from well-defined local rather than extended defects. As the level of radiation damage increases, the concentration of defects of this type and tensile stresses increase, and their structure can change, which leads to a low-frequency shift and broadening of the corresponding bands in the Raman spectra (Figure 1 and Figure 2).



Multiple-energy implantation of helium ions makes it possible to receive the uniform distribution of radiation defects in ion-implanted areas in diamonds, including those with a level above the critical level [62] (two upper spectra in Figure 1). Radiation damage to diamonds above the critical level abruptly changes the mechanical and physicochemical properties of diamond [62], while the Raman spectra change almost monotonously. The features associated with phonon confinement in diamond disappear in them [13], and the maximum of the most intense band shifts from 1574 cm−1 (at F = 5 × 1020 cm−2) to 1567 and 1542 cm−1 in the spectra of natural diamonds implanted with helium ions with a total dose of 1 × 1017 and 2.5 × 1017 cm−2, respectively [62]. Radiation damage of diamonds during multiple-energy helium implantation [62] with total dose of 1 × 1017 cm−2 approximately corresponds to the degree of disorder achieved when they are irradiated with fast neutrons [52] with fluence of 1 × 1021 cm−2. Thus, the intensity and position of the maximum of the “1640” band can serve as an indicator of the degree of radiation damage to the diamond. The selection for magnetic measurements of natural diamond grains irradiated with fast neutrons was carried out according to Raman scattering data on the basis of the intensity criterion and the spectral position of the “1640” band (see Figure 2), i.e., having the highest subcritical level of radiation damage. Rapid changes near the critical level of radiation damage of diamond in the spectral position of the “1640” band and the intensity of this band in comparison with the boson band (Figure 2) demonstrate the advantage of this technique over establishing the level of diamond critical damage based on the calculated value of vacancies [71] as deduced from the TRIM [72] computer code, the magnitude of mechanical stresses in the ion-implanted layer [73], or by the value of crystal lattice expansion [74]. The necessity of selecting diamonds for magnetic measurements is conditioned by different levels of radiation damage of diamond grains simultaneously irradiated in the fast reactor neutron flux (due to local variations of heat dissipation conditions).



One of the goals of this work was to develop an algorithm for quantitative determination of the level of radiation damage of diamond. As a measure of radiation damage in ion implantation, the calculations of vacancy concentration using the SRIM computer algorithm are often used, which is based on the statistical Monte Carlo method, the pair collision approximation, and the semiempirical description of the potentials of the interaction of fast particles with electronic and atomic subsystems [75]. SRIM modeling correctly describes the distribution profiles of implanted impurity and radiation defects and gives in many respects a good agreement with experiment, but it has a number of limitations. Modeling according to SRIM algorithm does not take into account the crystalline nature of the bombarded substance (in particular, channeling), does not consider the interaction between defects and their diffusion, that is, it gives a “frozen” picture of primary point defects, and does not consider phenomena during the accumulation of radiation damage, including the so-called “ballistic annealing”, when, at high implantation doses under conditions of a high concentration of defects, collision with an already knocked-out atom does not lead to the formation of a new defect and can even return the atom to the substituting position [76]. The concentrations of point defects calculated using SRIM should be used with great care at high levels of radiation damage, since under such conditions, the calculated concentration of vacancies can exceed the concentration of carbon atoms in diamond. In addition, SRIM modeling cannot predict the structure of the damaged material and its change during relaxation and annealing.



The second problem in calculating the level of radiation damage is the irradiation conditions themselves: the temperature of irradiation and the content of impurities, primarily nitrogen [77].



A change in the microstructure of a material during radiation damage leads to its swelling due to a decrease in density. This phenomenon is observed in all materials, but in diamond, it is most pronounced and is accompanied by an increase in the crystal lattice parameter, determined by X-ray [74] and neutron [48] diffraction. Strong (up to 40 vol.%) swelling in radiation-damaged diamond is one of the evidences in favor of the hypothesis of the formation of an amorphous material with density of ≈2 g/cm3 [71,77,78] and poorly manifested in X-ray diffraction. The value of swelling varies nonmonotonically during subsequent annealings [77], which in some cases does not allow the use of swelling as a quantitative measure of radiation damage. In the case of natural diamond crystallites with irregular geometric shapes, the comparison of sample sizes before and after irradiation is rather problematic.



In this paper, to determine the degree of radiation damage, including critical damage, it is proposed to use Raman spectra. Figure 2 shows changes in the position of the maximum of the intense band “1640” in neutron-irradiated (with subcritical level of radiation damage) and ion-implanted (with the level of radiation damage above critical, annealing at 1400 °C led to continuous graphitization of ion-implanted layers) natural diamonds. When comparing the level of radiation damage of neutron-irradiated diamonds and helium-implanted, it was taken into account that diamonds with a total helium dose of 0.5 × 1017 cm−2 recovered their crystal structure during high-temperature annealing.



As can be seen in Figure 2, the position of maximum of “1640” band and the ratio of its amplitude to the amplitude of the boson peak can serve as good indicators of exceeding the critical level of radiation damage to diamond. It is important to note that both parameters in Figure 2 in the Raman spectra of diamonds implanted with helium ions at doses of 1.0 × 1017 and 2.5 × 1017 cm−2 practically did not change during the subsequent annealing at temperatures at least to 500 °C until graphitization processes (appearance of the D band in the Raman spectra) of diamond implanted with helium ions with dose of 2.5 × 1017 cm−2 began. This indicates the possibility of using the dependences in Figure 2 for the non-destructive determination of the critical damage of diamonds in the case of their moderate heating during irradiation.



The transformations of the Raman spectra during successive annealings (1 h at each temperature) were studied in order to confirm that the level of diamond radiation damage remains below the critical level under irradiation with fast neutrons with fluence of 5 × 1020 cm−2 (Figure 3). As the annealing temperature rises, the diamond peak is restored, and the bands are narrowed and shifted towards higher frequencies.



The transformations of the “1640” band are of particular interest. This band has an asymmetric shape; after annealing at temperatures above 800 °C, several separate bands are spectrally resolved in it (as was observed in [55] in the Raman spectra of diamonds with a lower level of radiation damage), decreasing to the background level after annealing at temperatures above 1000 °C (Figure 3).



The intensity of the two-phonon Raman band (2800–3500 cm−1) also significantly decreases after annealing at temperatures above 1000 °C (Figure 3 and Figure 4). The spectral shape of the two-phonon Raman band for neutron-irradiated diamonds differs significantly both from the same spectrum for undamaged diamond with a maximum near 2335 cm−1 [56], and from the spectra for a wide class of sp2-carbon materials, which dominate the band with a maximum near 2685 cm−1 [79]. For example, the Raman spectrum of HOPG, treated graphite that displays the highest degree of three-dimensional ordering, consists of two main bands observed at 1581 and 2687 cm−1, denoted as the G band and 2D (or G’) band, respectively [80,81]. The 2D band corresponds to the second-order Raman scattering of an in-plane transverse optical (TO) mode close to the Brillouin zone boundary K point [82].



Decomposition of the “1640” band into Lorentz contours (Figure 4) showed that it consists of at least three components with maxima near 1465, 1530, and 1620 cm−1, and the four main components of the second-order band are presumably overtones of the “1640” band components with frequencies approximately equal to twice the first-order frequencies (2925, 3050 and 3230 cm−1, respectively) and a combination of the 1530 + 1620 cm−1 (≈ 3135 cm−1) components. In this case, it should be kept in mind that the lattice parameter of neutron-irradiated crystals is increased compared to unirradiated diamond [48,74], which causes a shift of the bands in the Raman spectra to the low-frequency region [49,54,55,67].



Thus, the data of Raman spectroscopy indicate that the level of radiation damage in natural diamonds irradiated with fast neutrons (F = 5 × 1020 cm−2) is below the critical value. At the same time, the samples studied here contain inside amorphous diamond inclusions and are materials with mixed sp2/sp3 hybridization of carbon without the formation of bulk inclusions of the sp2 phase. This is in good agreement with the neutron-diffraction measurements of CVD diamond irradiated with fast neutrons with F = 3 × 1020 and 5 × 1020 cm−2 [48]. The absence of impurities of d- and f-elements, as well as chemically bound hydrogen, in the bulk of the samples, makes them a good model material for studying the magnetic properties of pure carbon materials with the diamond structure.




3.2. Magnetic Properties of Diamonds Irradiated with Fast Neutrons


Figure 5 shows the results of measurements of the magnetic moment M of natural diamond grains irradiated with fast neutrons and selected by Raman spectroscopy (113 pcs, average grain diameter of ≈0.5 mm) as a function of magnetic field B in the temperature range from 2 to 300 K. Virgin (unirradiated) diamond grains (also 113 pcs, average grain diameter of ≈0.5 mm) were diamagnetic in the temperature range from 2 to 300 K with the magnetic susceptibility χdiff ≈ −1 × 10−5 SI units. According to quantum chemical calculations [83], the magnetic susceptibility of unirradiated natural diamond (in SI units [84,85]) is equal χSI = 4πχcgs = −(1.9–2.1) × 10−5. Handbook [86] gives the value of the specific magnetic susceptibility of natural diamond for T = 100–293 K as χρ = −6.2 × 10−6 cm3/g; considering the density of unirradiated diamond grains ρvir = 3.515 g/cm3 [87], we have (in SI units) χ = ρvirχρ = −2.2 × 10−5.



Note that, in the virgin (not irradiated with neutrons) grains of natural diamond, the CW-ESR signal was not observed at room temperature [88]. It was shown there that irradiation of natural diamond grains with neutrons (with fluence F ≈ 1 × 1021 cm−2 above critical level of radiation damage) led to the appearance of an intense CW-ESR signal from metastable paramagnetic centers with paramagnetic relaxation times >10−5 s. The possible reason for this signal appearance in irradiated diamond is the metastable non-compensated spins located on the inner surface of nanopores (clusters of vacancies in diamond crystal matrix).



According to [89], the energy of the exchange interaction of uncompensated spins is J = 2kBΘ/z, where kB is the Boltzmann constant. For the number of geometric neighbors in a random system z ≈ 15.47 [90] and the Curie–Weiss temperature Θ = 150 K (at which the magnetic moment of irradiated diamond is zero; see Figure 5), we have J ≈ 1.7 meV. Note that the observed Curie–Weiss temperature Θ is close to the temperature of ≈145 K, observed for carbon nanofoam (see Figure 3 in [13]).



Figure 6 shows the dependences of the differential magnetic susceptibility χdiff on B (calculated from the data in Figure 5 using the formula χdiff(B) = (μ0/V)dM/dB, where μ0 = 1.25 µH/m is the magnetic constant) for the volume V ≈ 7.4 mm3 of 113 diamond grains irradiated with fast neutrons. It can be seen that the differential magnetic susceptibility of irradiated diamond grains at the temperature of 2 K in the limit of zero external magnetic field (B ≈ 0) is χdiff(B ≈ 0) ≈ 1.8 × 10−3 SI units.



This value almost coincides with the experiment [48], where the SQUID measurements of neutron irradiated polycrystalline CVD diamond films without metallic impurities for F = 5 × 1020 cm−2 at the temperature T = 2 K show χ ≈ 1.7 × 10−3 SI units. CVD polycrystalline diamonds are grown on foreign substrates (typically silicon) with a microwave plasma CVD system using methane–hydrogen mixtures. Such films contained rather high concentration (~1020 cm−3) of bounded hydrogen (CHx groups) located at the intercrystalline boundaries. It was shown earlier [91] that neutrons act on grain boundaries in diamond dislodging hydrogen into the grain bulk for distances of the order of a few micrometers. At the same time, numerous defects are formed, including those with uncompensated spin. The presence of high concentrations of hydrogen-containing defects explained the manifestations of magnetism in various carbon materials [4,16,18,21,22]. The coincidence of the values of the magnetic susceptibility measured in this work for natural hydrogen-free diamonds and in the [48] for CVD diamond films irradiated with fast neutrons with the same fluence (5 × 1020 cm−2) indicates that hydrogen-containing radiation defects do not significantly affect the magnetic properties of radiation-disordered diamonds.



In Figure 6, a nonmonotonic dependence of χdiff on B is seen in the range from −0.5 to 0.5 T for T = 2 K, which may be due to the heating and cooling of diamond grains during their magnetization reversal. This finds support in measurements [92,93], where the thermal nature of the nonmonotonicity of hopping magnetoresistance in semiconductor materials (Ge of p-type and 3C-SiC of n-type) at temperatures below 1.5 K is shown. Note that irradiation of IIa diamond grains with neutron fluence of 3 × 1020 cm−2 led to a noticeable increase in dielectric losses with maximum at frequency of 50 kHz [94].



Recently, many new artificial ferromagnetic materials have been discovered and investigated, which were made by introducing defects into nonmagnetic host crystals [95,96]. Diamond as a pure carbon material with its high material purity is a good candidate for the investigation of defect-induced ferromagnetism after graphitic materials [3,7,29,43,44,45], silicon carbide [96], and oxides [97].



The nature of the defects responsible for magnetism in radiation-modified diamonds remains questionable. The data presented above testify in favor of the fact that the magnetism in the samples under study is due to intrinsic defects of radiation origin. In diamonds with a moderated level of damage, we previously detected [98] the so-called amber centers [99,100], which are large spherical aggregates consisting of 40 to 60 vacancies [101]. However, at high levels of damage, the conditions for diffusion of vacancies change significantly, and the absorption bands characteristic of amber centers with maxima near 4100 cm−1 are not observed in the IR spectra. We believe that the most probable defects providing ferromagnetism in diamond are centers with variable sp2/sp3 hybridization. As is known, the maximum phonon frequency in a pure sp3 carbon material does not exceed 1350 cm−1. The centers that appear in the Raman spectra in the composition of the “1640” band contain single or chain C=C groups. This feature cannot be assigned to any pure form of sp3-carbon [102]. Judging by the Raman spectra, the concentration of centers that appear in the 1400–1800 cm−1 range is quite high. The behavior of a system of dilute defects in a host lattice that interact magnetically on a finite lengthscale can be described using percolation theory [103]. Such studies are in progress.





4. Conclusions


The magnetic properties of hydrogen-free natural diamond samples with the highest possible degree of radiation disordering (or subcritical radiation damage) were studied. The selection of irradiated with fast neutron diamonds was carried out according to their Raman spectra. It was found that Raman spectra of diamonds with extremely high subcritical radiation damage have an intense band with a maximum near 1575 cm−1, boson peak, and a structural band at 900–1300 cm−1 due to the phonon confinement effect. It is shown that in the diamonds with subcritical radiation damage, the Raman band with a maximum near 1575 cm−1 is a superposition of at least three bands with maxima at 1465, 1530 and 1620 cm−1, and the overtones of these three bands and a combination band 1530 + 1620 cm−1 dominate in the second-order Raman spectra of such samples. It is shown that both the position of the maximum of the intense band near 1575 cm−1 and the ratio of the amplitudes of this band and the boson peak with a maximum near 420 cm−1 can serve as a criterion for reaching the level of critical radiation damage of diamond. The magnetic moment of natural diamond grains irradiated with fast neutrons was measured at cryogenic temperatures. For the first time, it has been established that for the observed Curie–Weiss temperature Θ ≈ 150 K of the transition from the ferromagnetic to the diamagnetic state, the energy of the exchange magnetic interaction of uncompensated spins is J ≈ 1.7 meV. The differential magnetic susceptibility of irradiated diamond grains with subcritical radiation damage (113 pcs, with a total volume V ≈ 7.4 mm3) at the temperature of 2 K in the limit of zero external magnetic field (B ≈ 0) is χdiff(B ≈ 0) ≈ 1.8 × 10−3 SI units. Virgin diamond grains of the same quantity and total volume in the temperature range from 2 to 300 K were diamagnetic with χdiff ≈ −1 × 10−5 SI units.



The most probable defects that provide ferromagnetism in diamond are the centers with variable sp2/sp3 hybridization, which are observed in Raman spectra in the spectral range 1400–1800 cm−1 characteristic for sp2/sp3 hybridization, namely, in the intense Raman band with a maximum near 1575 cm−1. The coincidence of the magnetic susceptibility values measured in this work for natural hydrogen-free diamonds and the literature data for CVD diamond films irradiated with fast neutrons with almost the same fluence (5 × 1020 cm−2) indicates that hydrogen-containing radiation defects do not have a significant effect on the magnetic properties of radiation-disordered diamonds.
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Figure 1. Raman spectra of natural and CVD diamonds unirradiated and irradiated with fast reactor neutrons with fluences F from 3 × 1018 to 5 × 1020 cm−2 (see also [49]) or uniformly implanted with multiple-energy keV helium ions with a total dose of 1 × 1017 and 2.5 × 1017 cm−2. All spectra were recorded with excitation at wavelength λ = 473 nm except for the spectra at F = 3 × 1018 cm−2, which was recorded with excitation at λ = 532 nm. 
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Figure 2. Position (left axis) of the “1640” band and ratio “1640”-to-boson peaks (right axis) in Raman spectra of natural diamonds irradiated with fast neutrons or He-implanted as functions of radiation damage. Dashed lines are guides to eyes. Yellow circles show the position of the “1640” band and ratio “1640”-to-boson peaks corresponding to the critical level of radiation damage of diamond. 
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Figure 3. Transformation of the Raman spectra of fast neutron-irradiated natural diamond crystal with fluence of 5 × 1020 cm−2 depending on the annealing temperature (1 h at each temperature in the range of 100–1300 °C = 373–1573 K). Spectra were recorded with excitation at λ = 473 nm. 
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Figure 4. Deconvolution of “1640” and second-order bands of the Raman spectra of fast neutron-irradiated (F = 5 × 1020 cm−2) natural diamond after its annealing at 800 °C (see Figure 3). The contours of the Lorentzian form of the “1640” band of the first and second order are shown in color. 
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Figure 5. Magnetic moment M of natural diamond grains (113 pcs) irradiated with fast reactor neutrons (F = 5 × 1020 cm−2). The measurement absolute temperatures (T from 2 to 300 K) are shown in the figure. 
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Figure 6. Differential magnetic susceptibility χdiff(B) = (μ0/V)dM/dB (in SI units) of natural diamond grains (113 pcs, V ≈ 7.4 mm3) irradiated with fast neutrons (F = 5 × 1020 cm−2). The measurement absolute temperatures (T = 2 and 4 K) are shown in the figure. 
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