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Abstract

:

We report electron spin resonance (ESR) in S = 1 skew chain antiferromagnet Ni2V2O7, which exhibits a spin-flop transition and a well-defined 1/2 magnetization plateau. The antiferromagnetic (AFM) ordering at TN = 7 K can be reflected by the temperature-dependent ESR spectra at low frequency for the easy axis. At 2 K, at the spin-flop transition fields along the easy a and b axes, anomalies are observed from the frequency‒field relationship. However, these modes cannot be understood by the conventional two-sublattice AFM resonance theory with uniaxial anisotropy. For the easy b axis, an unusual resonance mode is observed and its resonance field increases with decreasing frequency. This ESR mode becomes softening at ~8 T, corresponding to the onset of the 1/2 magnetization plateau.
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1. Introduction


Low-dimensional spin systems have been attracting a lot of attention in condensed matter physics due to their exotic ground states and non-classical effects caused by spin fluctuation and magnetic frustration [1,2,3,4]. In particular, the transition metal pyrovanadate compounds have been extensively studied, and these systems exhibit complicated and intriguing physical properties, such as field-induced spin-flop-like transition [5,6], magnetization plateau [7], magnetoelectric coupling [8], and magnetic-field induced ferroelectric behavior [9].



The recently studied vanadate oxide Ni2V2O7 is a good example of low-dimensional antiferromagnets; it belongs to the family of T2X2O7 (T = Cu, Co, Ni, Fe, Mn; X = P, As, V) [10,11,12,13,14,15,16,17]. Ni2V2O7 crystallizes in a monoclinic-type structure with space group P21/c [17]. The schematic of the crystal structure is shown in Figure 1. The magnetic Ni2+ ions have two different crystallographic sites, Ni1 and Ni2. The skew chains are formed by two different edge-sharing NiO6 octahedra along the c axis, which are isolated by embedding the corner-shared nonmagnetic tetrahedrons VO4. This results in a quasi-one-dimensional structural arrangement. There have been several reports on the magnetic properties of this compound [18,19,20]. It was found that the compound undergoes long-range antiferromagnetic (AFM) ordering at TN = 7 K without a broad peak, showing the absence of one-dimensional magnetism despite the quasi-one-dimensional chain structure. When a magnetic field is applied along the a and b axes, a field-induced spin-flop-like transition takes place at the field of Hsf = 2.7 T and 1.3 T, respectively [20]. This shows that both a and b are easy axes. A further increase in the magnetic field results in the appearance of a nematic-like phase and a wide 1/2 magnetization plateau starting at Hc = 5.5, 8.0, and 7.1 T along the a, b, and c axes, respectively [20]. Recently, the magnetization plateaus were found to be strongly correlated with ferroelectricity in Ni2V2O7 as well as its isostructural compound Co2V2O7 [21].



The high field/frequency electron spin resonance (ESR) is a powerful technique to investigate the magnetic properties of the transition metal oxides, especially the magnetic anisotropy and field-induced magnetic phase transitions [22,23]. Recently, our ESR results on polycrystalline samples of Ni2V2O7 demonstrate the presence of AFM resonances below TN [19]. However, no ESR on a single crystal sample was reported. Here, we performed high-field/frequency ESR measurements of Ni2V2O7. Strong correlations between magnetism and the ESR data are described in detail. We find that the observed AFM resonance modes cannot be interpreted by the conventional two-sublattice AFM resonance theory with uniaxial anisotropy. In particular, we find an unusual softening of the ESR mode at ~8 T, corresponding to the onset of the 1/2 magnetization plateau of the easy b axis.




2. Experimental Details


A high-quality single crystal of Ni2V2O7 was grown by the flux method by mixing polycrystalline Ni2V2O7 and V2O5 at a ratio of 2:1 in a commercial electric furnace. The homogenized mixture was transferred to an alumina crucible. The crucible was heated to 1173 K and held for 10 h, then cooled down to 873 K at the rate of 1 K/h, and finally quickly cooled to room temperature. The Ni2V2O7 single crystals were obtained by mechanical separation and washing the product in dilute nitric acid. Single-crystal X-ray diffraction (XRD) data were collected at room temperature using the program SHELXL-2016 on an XtaLAB Mini II diffractometer (Tokyo, Japan) equipped with Rigaku Mo X-ray source (see Appendix A). The details of the crystal growth, characterization of the structure, and crystallographic axes can be found in the published procedures [18,20]. The chemical compositions were checked by Micro X-ray fluorescence (Micro-XRF) (see Appendix A). High-field magnetization measurements were conducted at the magnetic field up to 40 T (see Appendix B). High-field/frequency ESR measurements were performed using pulsed high magnetic fields at Wuhan National High Magnetic Field Center, Huazhong University of Science and Technology, China. Gunn oscillators and backward wave oscillators (BWOs) were employed as the light sources. The temperature-dependent ESR spectra at representative frequencies were collected in the temperature region from 40 to 2 K. The frequency-dependent ESR measurements were carried out at 2 K in the frequency range from 54 to 260 GHz.




3. Results and Discussion


Figure 2 shows the temperature dependence of ESR spectra measured at two representative frequencies along the easy a axis of Ni2V2O7. At a high temperature of 40 K, a single resonance peak is observed and can be ascribed to the electron paramagnetic resonance (EPR) of Ni2+ ions. The resonance peak is very broad, with a half-height width of ~1 T, which might be a signature of the enhanced exchange interaction between different Ni2+ ions. Based on the resonance formula hf = gμBH (is the Planck constant and μB is the Bohr magneton), the g factor is derived to be ga = 2.26, a typical value of paramagnetic resonance of Ni2+. As the temperature is lowered, the peak intensity is increased, but there are some differences between low frequency and high frequency. At 70 GHz (Figure 2a), no significant shift of the peak is observed until TN = 7 K, below which the peak shifts to a higher field due to the onset of AFM ordering. At 2 K, the spectra consist of two peaks, with the low-field peak being weaker than the high-field peak. At 170 GHz (Figure 2b), however, with the decrease in temperature, the resonance peak gradually moves towards a lower field, accompanied by an appearance of a weak peak at a high field. At 2 K, the resonance is composed of four peaks, in which ω1 is much stronger than the other three modes (ω2, ω3, and ω4).



To further investigate the resonance modes at low temperature, we performed frequency-dependent ESR measurements at 2 K along the a axis. The results are shown in Figure 3a. It can be seen that the main resonance mode ω1 is always observed. At a high frequency, this mode is broadened and seems to split into multiple peaks. Another mode, ω2, appears at a higher field and higher frequency. As the frequency is reduced to 170 GHz, ω2 tends to disappear, accompanying the emergence of two new but weak modes, ω3 and ω4. Below 120 GHz, mode ω3 becomes invisible.



The frequency‒field relationship (f‒H) of resonance peaks along the a axis is summarized in Figure 3b, where the spin-flop transition field Hsf = 2.7 T and the critical field Hc = 5.5 T for the onset of the 1/2 magnetization plateau are also shown [20]. The resonance field increases with increasing frequency for all the modes. Mode ω1 is nonlinear and extends to the region above Hc. By extrapolating from the f‒H relationship to a low field, we see that ω1 will disappear at Hsf = 2.7 T. Mode ω3 is also nonlinear and tends to disappear at Hsf. There is a zero-field AFM spin gap of 120 GHz. Mode ω2 is mainly observed above Hc. The f‒H relationship seems to be linear, but deviates from the EPR line, showing the presence of a small zero-field spin gap. Mode ω4 can be observed below and above Hsf; its origin is not clear at this moment.



For the other easy axis, i.e., the b axis [20], Figure 4 gives the ESR spectra measured at 219 GHz at several temperatures. The spectrum at 20 K exhibits a symmetric resonance peak with a half-height width of ~2 T and a g value of gb = 2.19. With decreasing temperature, the peak becomes asymmetric, shifting slightly towards a higher field and finally splitting into two modes at 2 K, with the low-field mode being weaker than the high-field mode.



Figure 5a shows the frequency-dependent ESR spectra measured at 2 K for the b axis. Five resonances are observed and their variations with frequency are quite different from the case of the easy a axis. The f‒H relationships for these resonances are plotted in Figure 5b. Clearly, ω1 and ω2 start to appear at spin-flop transition field Hsf = 1.3 T [20], and both modes are nonlinear. For ω1, the resonance field increases with increasing frequency, with a tendency to extending into the region above Hc = 8.0 T [20]. For ω2, however, the resonance field increases with decreasing frequency. An extrapolation of the f‒H relationship to a high field suggests that ω2 will become softening at Hc = 8.0 T. Modes ω3 and ω4 are weak resonance modes; ω3 has a zero-field gap of 100 GHz and disappears at Hsf, whereas ω4 starts to appear at Hsf. Mode ω5 is observed only at high frequency and its origin is not clear at this moment.



In Figure 6, we display the temperature-dependent ESR spectra measured at 70 and 170 GHz along the c axis, i.e., the hard axis of Ni2V2O7. At 70 GHz (Figure 6a), a broad EPR line is observed at 40 K with gc = 2.18. The evolution of the spectra with temperature is similar to that of the a axis—namely, the peak shifts towards a higher field at low temperature. At 170 GHz (Figure 6b), however, the peak first moves to a higher field with decreasing temperature and then shifts towards a lower field below TN.



The frequency-dependent ESR spectra at 2 K are shown in Figure 7a. Besides the main resonance, ω1, several weak modes are seen. These modes might come from the contribution from the easy a and b axes due to the imperfect arrangement of the tiny single crystal along the external magnetic field during the measurements. As shown in Figure 7b, the f‒H relationship of ω1 is nearly linear and passes through the origin, very close to the EPR line. No anomaly is found at the critical field Hc = 7.1 T for the 1/2 magnetization plateau [20].



We now make a qualitative discussion by combining the observed ESR spectra and the reported magnetic properties of Ni2V2O7 [18,19,20]. First, the AFM ordering temperature of TN = 7 K can be characterized by the temperature-dependent ESR spectra at low frequency. This is clearly seen from the data at 70 GHz for the easy a axis (Figure 2a), where the resonance peak significantly moves to a higher field below TN. In this case, the resonance fields are smaller than Hsf = 2.7 T (Figure 3b), below which the system is in the AFM ground state. For the easy b axis, Hsf = 1.3 T (Figure 5b). To observe any resonances below 1.3 T, the required frequency must be lower than 36 GHz, which is beyond the low-frequency limit (54 GHz) of our facility. Thus, in Figure 4 no temperature-dependent ESR spectra are shown at low frequency. Second, the AFM ordering at TN = 7 K cannot be characterized by the high-frequency ESR spectra. This is probably because the resonances at high frequency occur above Hsf, corresponding to the spin-flop AFM state (see Figure 2b and Figure 4), or because the resonances correspond to the hard axis (see Figure 5b).



The f‒H phase diagram is rather complicated, details of which depend on the crystallographic direction. Even for the easy a and b axes, differences in the phase diagram are also evident. Obviously, like our previous report on a polycrystalline sample [19], the f‒H relationship along the three axes cannot be described by the conventional AFM resonance theory with easy-axis anisotropy within the framework of the two-sublattice mean-field model. Even so, we can see that at the spin-flop transition fields Hsf, anomalies are observed in the f‒H relationship. The zero-field AFM gaps of 120 GHz for the a axis (Figure 3b) and 100 GHz for the b axis (Figure 5b) reflect the presence of exchange interaction and magnetic anisotropy, which are the origin of the complex ESR spectra of Ni2V2O7. Interestingly, for the b axis, mode ω2 becomes softening at Hc = 8 T for the onset of 1/2 plateau [20]. If a resonance mode becomes softening at a transition field, its frequency will tend to zero because the rotation of the magnetic moment costs no energy. Similar resonance modes were reported in the quasi-one-dimensional AFM spin system BaCu2Si2O7, exhibiting successive spin-reorientation transitions [24], and Y2Cu2O5, showing successive metamagnetic transitions [25]. It is worth noting that Ni2V2O7 is a three-dimensional antiferromagnet including complicated intrachain and interchain exchange interactions [18,19,20]. This leads to complicated ESR modes, which deviate from the conventional two-sublattice AFM resonance modes with uniaxial anisotropy. To quantitatively describe the complicated ESR modes, a multi-sublattice AFM resonance theory is desired.




4. Conclusions


In summary, we present the high field/frequency ESR spectra of S = 1 skew chain antiferromagnet Ni2V2O7. The temperature-dependent ESR spectra at low frequency are intimately correlated with the AFM ordering process at TN = 7 K. At 2 K, the AFM resonance modes are rather complicated and cannot be interpreted by the conventional two-sublattice AFM resonance theory with uniaxial anisotropy. Even so, at the field-induced spin-flop transition fields along the easy a and b axes, anomalies are clearly seen from the f‒H relationships. In particular, an unusual resonance mode is observed along the easy b axis, which becomes softening at ~8 T, which is the critical field associated with the onset of the 1/2 magnetization plateau.
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Appendix A. Crystal Structure and Chemical Composition Analysis


Single-crystal XRD analysis using the program SHELXL-2016 shows that Ni2V2O7 crystallizes in the monoclinic crystal system with space group P21/c (No. 14). The parameters a = 6.525(2)Å, b = 8.299(6)Å, c = 9.361(7)Å, β = 99.928(7)Å, V = 499.41(6) Å3, and Z = 4 are obtained at room temperature, in good agreement with previous reports [18,20]. The atomic positions of Ni2V2O7 are shown in Table A1, in accordance with a previous report [17]. The final R1 is 0.0283 (I > 2σ(I)) and wR2 is 0.0598 (all data), indicating the high quality of the single crystal. Figure A1 shows the energy-dispersive spectrum measured by Micro-XRF as well as a photograph of the single crystal. No impurities are detected. The average chemical composition is 51.14% and 48.86% for Ni and V, respectively. The Ni:V ratio is quite close to the nominal ratio of 2:2, again showing the high quality of our single crystal.
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Figure A1. Energy-dispersive spectrum measured by Micro-XRF for a single crystal. The inset shows a photograph of the single crystal. 
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Table A1. Atomic positions of Ni2V2O7 obtained from single-crystal XRD analysis.
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	Atom
	x
	y
	z





	Ni1
	0.14638
	0.12121
	0.46311



	Ni2
	0.30503
	0.38677
	0.67946



	V1
	0.36196
	0.73979
	0.53114



	V2
	0.19450
	0.01873
	0.81306



	O1
	0.60227
	0.13073
	0.12422



	O2
	0.42697
	0.12517
	0.39468



	O3
	0.16864
	0.36927
	0.45918



	O4
	0.25623
	0.35937
	0.18158



	O5
	0.68036
	0.37287
	0.34927



	O6
	0.02833
	0.08423
	0.24732



	O7
	0.85457
	0.37953
	0.00762









Appendix B. High-Field Magnetization Curves


Figure A2 shows the high-field magnetization curves at 2 K along the three crystallographic axes. Clearly, a field-induced spin-flop transition is observed at Hsf = 2.7 T for H//a and at 1.3 T for H//b, but not observed for H//c. As the magnetic field increases, a wide 1/2 magnetization plateau appears at Hc1 = 5.5, 8.0, and 7.1 T along the a, b, and c axes, respectively. The magnetization is unchanged until Hc2 = 30 T. Above Hc2, the magnetization starts to increase linearly up to 40 T, with an identical slope for all the three axes.
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Figure A2. High-field M(H) curves at 2 K along the three crystallographic axes. The inset shows M(H) curves in the field of 0–12 T. 






Figure A2. High-field M(H) curves at 2 K along the three crystallographic axes. The inset shows M(H) curves in the field of 0–12 T.
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Figure 1. (Left) Crystallographic structure of Ni2V2O7 (red, Ni1; pink, Ni2; green, V; gray, O). The different Ni‒O octahedra (blue) are isolated by V‒O tetrahedrons (red). (Right) The bonds with different colors present three possible interactions. 
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Figure 2. Temperature-dependent ESR spectra measured at 70 GHz (a) and 170 GHz (b) along the easy a axis. 
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Figure 3. (a) Frequency-dependent ESR spectra measured at 2 K for the easy a axis. (b) Frequency‒field (f‒H) relationship at 2 K as well as the EPR line. The solid lines are guides for the eyes. 
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Figure 4. Temperature-dependent ESR spectra measured at 170 GHz along the easy b axis. 
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Figure 5. (a) Frequency-dependent ESR spectra measured at 2 K for the easy b axis. (b) Frequency‒field (f‒H) relationship at 2 K as well as the EPR line. The solid lines are guides for the eyes. 
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Figure 6. Temperature-dependent ESR spectra measured at 70 GHz (a) and 170 GHz (b) along the hard c axis. 
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Figure 7. (a) Frequency-dependent ESR spectra measured at 2 K for the hard c axis. (b) Frequency‒field (f‒H) relationship at 2 K as well as the EPR line. The solid line is a guide for the eyes. 
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