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We have used 75As NMR and x-ray diffraction analysis to study the structural and electronic inhomogeneities in Ba(Fe1−xNix)2As2 crystals with x near the border of the antiferromagnetic domain. Unequal nickel population of the equivalent Fe planes and rather homogeneous distribution of Ni inside the planes have been found in the well-ordered single crystal with x = 0.036. Below 40 K a signal wipeout of 75As NMR spectra is observed for the crystals with x = 0.036 and 0.037. This fact together with spin-lattice relaxation peculiarities is treated a result of the system glassy behavior in this region of the phase diagram. The 75As NMR data also indicate on partial suppression of antiferromagnetic spin fluctuations around the Ni impurity in these crystals at low temperatures.
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                                    1 Introduction
The discovery of iron-based superconductors reopened an interest to the problem of the structure, magnetism, and superconductivity interplay [1,2,3,4,5]. In electron doped compounds Ba(Fe1−xTx)2As2(T = Co, Ni),the tetragonal-to-orthorhombic structural transition at Ts precedes the transition at TN to the antiferromagnetic (AF) state. With doping the temperatures of structural and magnetic transitions continuously decrease, and superconductivity arises, reaching the maximum Tc at x = xopt above the boundary of the orthorhombic AF phase [6,7,8,9,10]. It was assumed Ts and TN go to zero near this doping level as it was expected for a quantum critical point (QCP). But close to the complete disappearance of antiferromagnetism the first orderphase transition leads to the formation of the incommensurate (IC) inhomogeneous AF phase with a short-range order, avoiding the expected QCP [10,11,12]. The second order transition at Ts is treated as electronically driven nematic [13, 14] because the observed resistance anisotropy in the detwinned state far exceeds the orthorhombic lattice distortion [15,16,17]. A divergent nematic susceptibility is observed above Ts in elastoresistance [17,18,19,20] and elastic modules [21] measurements, implying large nematic fluctuations in the paramagnetic phase of the Co and Ni doped systems. The nuclear magnetic resonance (NMR) study of Ba(Fe1−xCox)2As2 with x near the border of the AF phase [22, 23] revealed the inhomogeneous glassy behavior at low temperatures assuming strong coupling of nematicity to the spin fluctuations. The inelastic neutron scattering experiments in Ba(Fe1−xNix)2As2 enabled to characterize this system in the incommensurate AF region as a mesoscopically separated cluster spin glass in the matrix of the superconducting phase [24] and found the spin excitation anisotropy that is a signature of nematic correlations [25]. General features of the Ni concentration dependence of structural and magnetic transitions were observed in the earlier NMR studies of this compound [26, 27].

In this paper, we report x-ray diffraction (XRD) and NMR studies of the Ba(Fe1−xNix)2As2 single crystals with x near the border of the AF domain for the purpose to elucidate peculiarities of the lattice and electronic properties related to the inhomogeneity of this system. As a result, a conclusion was made about the distribution of the Ni impurity as between two equivalent iron positions in the unit cell so inside the iron planes. The 75As NMR spectrum shape and intensity evolution and the spin-lattice relaxation rate temperature dependence was shown to confirm the appearance of the glassy state in these crystals at low temperatures.


2 Materials and Methods
Ba(Fe1−xNix)2As2 single crystals were grown using the self-flux method [6, 8, 28]. Earlier, some of analogous crystals were used for the studies of the critical current density [28, 29]. The Ni doping level x was determined via energy dispersive x-ray spectroscopy (EDS) and in one case via wavelength dispersive x-ray spectroscopy (WDS)Footnote 1. Temperature dependencies of AC magnetic susceptibility were measured in the Quantum Design PPMS system. The XRD experiments were performed on the Panalytical X’pert Pro MRD Extended diffractometer. The Ni concentration, defined by various methods, lattice parameters, and superconducting transition data are shown in Table 1. Since the 75As nucleus (I = 3/2) has a nuclear quadrupole moment, the NMR spectrum in this compound is split into three components. The electric field gradient distribution due to the Ni substitution strongly broadens ± 1/2 ⇔± 3/2 satellite components [26]. We studied spectra of the narrow 1/2 ⇔− 1/2 central component obtained by Fourier transformation of the spin echo signal and spin-lattice relaxation using saturation recovery.

Table 1 Summary of the nickel concentration, lattice parameters and Tc data for the Ba(Fe1−xNix)2As2 single crystalsFull size table




3 Results and Discussion
3.1 X-ray Diffraction, Ni Doping Level
The XRD diffraction patterns of crystals Nos. 1 and 2 on ab plane are shown on Fig. 1a (only (00l) peaks are observed). Rocking curves of the crystals Nos. 1 and 3 for the peaks (004) and (006) are shown on Fig. 1b. The crystal No. 1 is the most perfect (rocking curve halfwidth is equal 0.013°), consisting of only two domains with misorientation of 0.01°. The crystals Nos. 2–4 are less than perfect and consist of several tens domains with misalignment in the range of 0.4°. As it is seen, the intensity ratio I(006)/I(004) is opposite for the crystals No. 1 and No. 3. The measurements of lattice constants on both sides of crystals and for several domains showed the absence of dopant inhomogeneity in volume. Thus the change of the (00l) intensity ratio may be due to the specific character of Fe atom substitution by Ni in the crystal No. 1. For testing this possibility we calculated the intensities of reflexes (004), (006), and (008) for xNi= 0.05, using contributions of every atom in the elementary cell to the structure factor. The ratio I(006)/I(004)> 1 was obtained only under assumption that one of two equivalent iron positions is shifted along the c axis. In turn, this means the unequal Ni population of equivalent Fe planes. This behavior was observed earlier in La(1−xSrx)2CuO4−δ crystals [30], where the inhomogeneous substitution of La equivalent positions by Sr takes place. The reason of this phenomenon may be a self-oscillating process of impurity inclusion during the crystal growth. The temperature dependence of AC magnetic susceptibility of crystals Nos. 1, 2, and 4 at zero field is shown on the insert of Fig. 1b. It is seen that the superconducting transition width is the smallest for the most perfect crystal No. 1.

Fig. 1
a XRD patterns of the Ba(Fe1−xNix)2As2 single crystals Nos. 1 and 2. b Rocking curves for the XRD peaks (004) and (006) of the Ba(Fe1−xNix)2As2 single crystals Nos. 1 and 3. The insert shows temperature dependencies of AC susceptibility at zero magnetic field for the Ba(Fe1−xNix)2As2 single crystals Nos. 1, 2, and 4


Full size image

A substantial difference of the WDS and EDS Ni doping level for the crystal No. 1 is seen in Table 1. To refine the nickel content, we have used the published Tc(x) dependence for the Ba(Fe1−xNix)2As2 system [9] and superconducting transition temperatures of our samples. The obtained values shown in Table 1 as \(x_{T_{\mathrm {c}}}\) are much lower xEDS. For the crystal No. 1 \(x_{T_{\mathrm {c}}}\)= 0.0358 is near xWDS= 0.036 so the last value may be used as a reference. Assuming that our EDS results systematically overestimate the Ni doping level we corrected them, using a difference of EDS and WDS results for the crystal No. 1. The obtained by this way values are shown in Table 1 as \(x^{\text {corr}}_{\text {EDS}}\). The corrected nickel content for the crystal No. 2 is not far from \(x_{T_{\mathrm {c}}}\) but for the crystal No. 4 the difference is more substantial. In the last case this may be caused by the sample inhomogeneity (as it is seen from ΔTc in Table 1) which may lead to the Tc decrease [31] and thus to underestimating \(x_{T_{\mathrm {c}}}\). The crystal Nos. 2 and 3 have the equal xEDS because they are from the same batch. We further use the corrected \(x^{\text {corr}}_{\text {EDS}}\) for our crystals.
3.2 NMR, Spectrum Shape
Normalized 75As NMR spectra for the Ba(Fe1−xNix)2As2 single crystals (samples Nos. 1, 2, and 4, T= 72.1 K, H0 ∥c) are represented on Fig. 2. As it was shown by the measurements at different magnetic fields, the spectrum asymmetry is a result of the second order nuclear quadrupole effect due to disturbance of the electric field gradient in the As sites by the Ni impurity. This effect is inversely proportional to the NMR frequency. Evidently, the main peak of the spectra belongs to As atoms in the sites far from the nickel impurity, which have the axial symmetry environment. This peak has no second order quadrupole shift for H0 ∥c. The left side broad shoulder belongs to the As atoms near the nickel impurity because the symmetry of the electric field gradient (EFG) in these sites is lower than axial, and the main axis of EFG is inclined with respect to the c direction due to the influence of the impurity charge. Comparison with NMR study results for Ba(Fe1−xCox)2As2 [32] and Ba(Fe1−xCux)2As2 [33] systems enabled us to make a conclusion, that the left spectrum shoulder in our case is attributed to the next nearest neighbor (nnn) and possibly next after next nearest neighbor (nnnn) As atoms (see insert of Fig. 2). The nearest neighbor (nn) line should be far from our spectrum because this line in the Co and Cu doped systems does not overlap with the main peak [32, 33].

Fig. 2
75As NMR spectra of the \(1/2\leftrightarrow -1/2\) central component for the Ba(Fe1−xNix)2As2 single crystals Nos. 1, 2, and 4, H0 ∥ c, T = 72.1 K. The insert shows the FeAs layer with the Ni impurity. As1 and As2 are the arsenic atoms in the planes above and below the Fe plane


Full size image

This picture may be supported by the spectrum component analysis. Figure 2 also shows a fit of the samples Nos. 1, 2, and 4 spectra by three gaussian lines. The gaussian line with a maximal amplitude fits the main peak and the other ones fit the shoulder. It is not possible to relate each of these smaller gaussian lines with nnn or nnnn sites. It’s only important that the sum of these lines is a good approximation of the spectrum shoulder form. As a result of this analysis, we found the ratio of the shoulder intensity to the main peak intensity Ishoulder/Imain to be equal 1.00(5) at 72.1 K for the sample No. 1. Here, we discuss the spectrum composition at this temperature because below 40 K a drop of the signal intensity occurs in the samples Nos. 1–3. This drop (wipeout effect) will be discussed below.
It is seen on the insert of Fig. 2 that there are four nn As atoms, eight nnn As atoms, and four nnnn As atoms around the nickel impurity in the FeAs layer. It should be mentioned that if we take into consideration the other nearest FeAs layers, there is another possibility to choose the nnnn As atoms. In this case nnnn are two nearest As atoms above and two nearest As atoms below our FeAs layer because the distance from them to Ni is 5.504 Å and the distance nnnn–Ni in the layer is 6.087Å. The number of nnnn atoms is the same in both cases and it does not change the numerical relations below. In the sample No. 1 with xWDS = 0.036 every 100 As atoms contain (8 + 4) ⋅ 3.6 = 43.2 nnn and nnnn atoms if these neighbors of each Ni atom do not overlap with the neighbors of the other one. Taking into account four As nearest neighbors, the number of the rest As atoms (host sites) is 100 − 43.2 − 4 ⋅ 3.6 = 42.2 and the ideal ratio Innn+nnnn/Ihost = 43.2/42.2 = 1.02. This value is in good agreement with the experimental ratio Ishoulder/Imain= 1.00(5). If nnn and nnnn of the nearby Ni atoms overlap, this ratio should be substantially less than ideal Innn+nnnn/Ihost because such overlapping decreases Innn+nnnn and increases Ihost.
As it was discussed above, the XRD study has demonstrated the unequal Ni population of the equivalent Fe planes for the crystal No. 1. This fact is not in disagreement with rather homogeneous nickel distribution inside the plane as it follows from the absence of As nnn and nnnn site overlapping. The last may be valid up to a Ni content 6.25%. In this case, the other Ni plane should have a Ni content 0.95% for the average content 3.6%.
For the sample No. 2 the corrected EDS result 3.7% was used. In this case, the ideal ratio Innn+nnnn/Ihost= 1.09. The experimental value Ishoulder/Imain = 0.98(11) at 72.1 K that means a tendency to a more inhomogeneous Ni distribution inside the Fe planes in comparison with the sample No. 1. For the sample No. 4 with a Ni content 4.1% according corrected EDS the estimated ideal ratio Innn+nnnn/Ihost is equal 1.43. The wipeout effect is not observed in this case above 23 K so we use the average value in the range 23-72 K Ishoulder/Imain = 1.59(31). A large error of this ratio doesn’t enable to make a definite conclusion about homogeneity of the Ni distribution for the sample No. 4. But large ΔTc (see Table 1 and the insert of Fig. 1b) of this sample apparently indicates the inhomogeneous distribution of Ni.

3.3 NMR, Signal Wipeout and Spin-Lattice Relaxation
Figure 3a displays the temperature dependence of the 75As spectrum relative integrated intensity for the samples Nos. 1–4 normalized by the Boltzmann factor. The important aspect of this dependence is the large intensity drop (signal wipeout) in the normal state below 40 K for the samples Nos. 1–3. The sample No. 4 shows in the normal state only slight wipeout below 23 K. For this sample the additional sharp intensity drop takes place just below Tc due to the radio frequency field shielding in the superconducting state. The NMR signal wipeout in the normal state was observed in the underdoped cuprates [34,35,36] and is connected with slowing down the characteristic spin fluctuations. As a result, relaxation of some nuclei becomes so fast that the echo signal of them could not be detected by NMRFootnote 2. The presence of spatial inhomogeneity leads to a wide distribution of characteristic spin fluctuation times and, in turn, to a wide distribution of nuclear spin-lattice relaxation times. An indication of the T1 distribution is the stretched exponential form of the nuclear magnetization recovery [38]. In our case for the 1/2 ⇔− 1/2 transition of spin 3/2 75As nuclei \(M(t)=M_{0}(1-f(0.9e^{-(6t/T_{1})^{\beta }}+ 0.1e^{-(t/T_{1})^{\beta }}))\), where β is the stretching exponent, f is the inversion or saturation fraction. Figure 3b, c represents the temperature dependence of the 75As spin-lattice relaxation rate \(^{75}T_{1}^{-1}\) and the stretching exponent for the sample No. 1 for H0 ⊥ c (for this geometry T1 probes fluctuations of hyperfine fields along the c axis and the ab plane [2, 39]). As it is seen \(^{75}T_{1}^{-1}\) shows the maximum at 22 K and β decreases from 0.9 to 0.5 with temperature lowering.

Fig. 3
a Temperature dependence of the 75As central component integrated intensity (normalized by the Boltzman factor) for the Ba(Fe1−xNix)2As2 single crystals Nos. 1 (filled circle H0 ⊥ c, open circle H0 ∥ c), 2 (filled square), 3 (open diamond), and 4 (filled triangle), for crystals Nos. 2–4 H0 ∥ c. The arrow indicates Tc of the sample No. 4. b Temperature dependence of \(^{75}T_{1}^{-1}\) for the single crystal No. 1, f= 22.56 MHz, H0 ⊥ c. c Temperature dependence of the stretching exponent β for the single crystal No. 1


Full size image

The NMR signal wipeout and the stretched exponential relaxation at low temperatures were revealed in Ba(Fe1−xCox)2As2 with x near the AF phase border [22, 23]. This behavior was treated as a result of the glassy state formation in the vicinity of the phase transition with a broad distribution of antiferromagnetic domain sizes and local correlation times. It was pointed that quenched disorder due to the presence of the impurity atoms and twin boundaries favors to observed dynamic inhomogeneity. These effects also take place in Ba(Fe1−xCux)2As2 [33, 40] and BaFe2(As1−xPx)2 [41, 42]. In Ba(Fe1−xNix)2As2 the inhomogeneous glassy behavior at low temperatures was established in the series of detailed neutron scattering studies [10, 12, 24] but was not seen by NMR [27]. Our observation of wipeout and spin-lattice relaxation peculiarities is the first indication of inhomogeneous magnetic state in this system using nuclear magnetic resonance. In the above mentioned neutron experiments the short-range incommensurate AF phase was observed at x> 0.035. The obtained Neel temperature shows in this region an apparent saturation, approaching 30 K with increasing x up to 0.041, and then abruptly goes to zero [12]. For x= 0.037 the value of TN is in the range 30–36 K, depending on the spectrometer energy resolution [24]. As it is seen on Fig. 3a, these temperatures coincide with the beginning of the 75As signal wipeout for the crystals Nos. 1–3 with x equal 0.036 and 0.037. On the other hand the \(^{75}T_{1}^{-1}\) peak position gives TN= 22 K for the sample No. 1. The difference of the Neel temperature obtained by two methods is due to the fact that the time scale of neutron experiments is very short (< 10− 9 s) in comparison with NMR (∼ 10− 5 s). As a result the neutron scattering is sensitive to the local magnetic order, which fluctuates much faster and is observed at higher temperatures compared to the magnetic order found by the nuclear spin-lattice relaxation. It should be emphasized that the observed \(^{75}T_{1}^{-1}\) peak characterizes the magnetic transition temperature of the visible by NMR part of the sample volume which is lower than 20% at 22 K. That means the impossibility to evaluate TN of the main part of the crystal in this way.
In [12], it was also found that the magnetic peak intensity reduces about two orders of magnitude, when the Ni content increases from x = 0.034 to 0.041. For the inhomogeneous system it may be treated as a result of the magnetic fraction decrease. But the NMR spectrum intensity of our sample No. 1 with x = 0.036 and of samples Nos. 2 and 3 with x = 0.037 almost completely goes to zero in the normal state (see Fig. 3a) that means the entire volume of these crystals is in the inhomogeneous magnetic state just above Tc.

The intensity temperature dependencies of the main peak and the shoulder for the sample No. 1 normalized by the Boltzmann factor are shown in Fig. 4. The insert shows temperature evolution of the 75As spectrum shape for this sample. It is seen that the intensity decrease for the shoulder is shifted to low temperatures. As it was mentioned the wipeout is due to slowing down the spin fluctuations which are the main source of nuclear relaxation in this temperature region [32]. Thus, the shoulder wipeout shift to low temperatures means the fluctuation damping around the Ni impurity. This conclusion is supported by the comparison of spin-lattice relaxation data for the spectrum components of the sample No. 1. T1 values are 30 ms for the main peak and 81 ms for the shoulder at 35.6 K and H0 ∥ c. Suppression of the spin fluctuation contribution to \(T_{1}^{-1}\) on the doping atom and around was observed earlier by NMR in Ba(Fe1−xCox)2As2 [43, 44] and in Ba(Fe1−xCux)2As2 [33]. In our case the same behavior is observed for the nnn and nnnn As atoms near the Ni impurity that means the fluctuation damping together with nn As atoms in 60% of the sample volume.

Fig. 4
Temperature dependence of the integrated intensity (normalized by the Boltzman factor) for the 75As main line and the spectrum shoulder (crystal No. 1). The insert shows the temperature evolution of the normalized spectra, f0= 22.49 MHz, H0 ∥ c


Full size image



4 Conclusions
We have studied various types of inhomogeneities in Ba(Fe1−xNix)2As2 single crystals with x near the AF phase border using XRD and NMR methods. In the well-ordered crystal with x = 0.036 the x-ray reflex intensity ratio I(006)/I(004) is more than unity, that can be explained only by the unequal nickel population of the adjacent iron planes. On the other hand, the analysis of the 75As NMR spectrum form for this crystal has shown rather uniform Ni distribution inside the Fe planes, namely, at least the next nearest neighbor As sites around nickel impurities don’t overlap. The other crystals have shown more uniform nickel distribution between Fe planes and less uniform distribution inside the planes. The strong decrease of the 75As spectrum intensity for the crystals with x = 0.036 and 0.037 in the normal state below 40 K indicates the inhomogeneous magnetic state formation of the glass type in the entire crystal volume. The \(T_{1}^{-1}\) peak position for the sample with x= 0.036 which is associated with the magnetic transition temperature is 8 K below the TN value obtained from the neutron scattering study. This difference of the ordering temperatures obtained by two methods and the stretched exponential form of nuclear magnetization recovery in this temperature region are in agreement with glassy character of the magnetic state in Ba(Fe1−xNix)2As2 with x close to complete disappearance of antiferromagnetism. The analysis of the 75As spectrum shape temperature evolution and site-selected spin-lattice relaxation has revealed partial spin fluctuation damping around the Ni atoms at low temperatures. The found features of the structural and electronic inhomogeneities are important for understanding the interrelation of the superconducting, magnetic, and nematic orders in the investigated system.



                                

                        
                    

                    Notes
	As it was shown in Ref. [8, 9], the actual nickel doping level of their Ba(Fe1−xNix)2As2 samples is 80% of the nominal level. For comparison with nominal x values of [9, 10, 12, 24], we multiply these data by 0.8.


	It was recently shown in Ref. [37] that the wipeout effect in (La1−xSrx)2CuO4 is due to the redistribution of the spectral weight from the 63Cu central peak to broad wings with much shorter T2. It is worth to mention that longitudinal relaxation doesn’t show the stretched exponential behavior in this case.
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