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Abstract

:

The experimental data in the literature concerning the Paramagnetic Meissner Effect (PME) or also called Wohlleben effect are reviewed with the emphasis on the PME exhibited by metallic, s-wave superconductors. The PME was observed in field-cool cooling (FC-C) and field-cool warming (FC-W)   m ( T )  -measurements on Al, Nb, Pb, Ta, in compounds such as, e.g., NbSe   2  , In-Sn, ZrB   12  , and others, and also in MgB   2  , the metallic superconductor with the highest transition temperature. Furthermore, samples with different shapes such as crystals, polycrystals, thin films, bi- and multilayers, nanocomposites, nanowires, mesoscopic objects, and porous materials exhibited the PME. The characteristic features of the PME, found mainly in Nb disks, such as the characteristic temperatures   T 1   and   T p   and the apparative details of the various magnetic measurement techniques applied to observe the PME, are discussed. We also show that PME can be observed with the magnetic field applied parallel and perpendicular to the sample surface, that PME can be removed by abrading the sample surface, and that PME can be introduced or enhanced by irradiation processes. The PME can be observed as well in magnetization loops (MHLs,   m ( H )  ) in a narrow temperature window    T p  <  T c   , which enables the construction of a phase diagram for a superconducting sample exhibiting the PME. We found that the Nb disks still exhibit the PME after more than 20 years, and we present the efforts of magnetic imaging techniques (scanning SQUID microscopy, magneto-optics, diamond nitrogen-vacancy (NV)-center magnetometry, and low-energy muon spin spectroscopy, (LE- μ SR)). Various attempts to explain PME behavior are discussed in detail. In particular, magnetic measurements of mesoscopic Al disks brought out important details employing the models of a giant vortex state and flux compression. Thus, we consider these approaches and demagnetization effects as the base to understand the formation of the paramagnetic signals in most of the materials investigated. New developments and novel directions for further experimental and theoretical analysis are also outlined.
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1. Introduction


The superconducting state is characterized by two hallmarks: the vanishing electrical resistance below the superconducting transition temperature,   T c  , and the Meissner–Ochsenfeld effect [1], describing the expulsion of magnetic flux from the superconducting sample when cooling it in an applied magnetic field (field cooling, FC), creating a diamagnetic state with negative magnetization, m. This implies that the induced screening currents try to expel the magnetic flux from the sample. The implications of the Meissner–Ochsenfeld effect led directly to the development of the basic theories of superconductivity (London, Ginzburg–Landau, and BCS), and are intensively described in all textbooks on superconductivity (see, e.g., [2,3,4,5,6,7,8,9,10]). Thus, the first observations of superconducting transitions of Bi-based, high-  T c   superconductors (HTSc) to a paramagnetic state (positive magnetization, m, attracting magnetic field) instead of a diamagnetic one were more treated as experimental mishaps and went mostly unnoticed by the community [11,12]. The situation changed with more detailed measurements on granular Bi   2  Sr   2  CaCu   2  O   8   (Bi-2212) samples by Braunisch et al. [13,14], linking the observation of a superconducting transition in field-cooling   m ( T )  -curves towards the paramagnetic state with unique features of the HTSc, i.e., the so-called d-wave superconductivity and effects of granularity ( π -junctions between the grains). This was soon followed by other researchers, applying also different measurement techniques to exclude possible experimental artifacts and providing some theories to explain these observations [15,16,17,18,19,20,21,22,23,24]. Following these works, several theoretical approaches were published concerning this effect, now named paramagnetic Meissner effect (PME) or Wohlleben effect [18]. The key element of the PME is thus the observation of positive magnetization upon field-cool cooling (FC-C) or warming (FC-W) in   m ( T )  -measurements.



Thus, it came as a big surprise as Thompson et al. presented an observation of PME on bulk niobium disks, a classical s-wave superconductor [25,26], or often called conventional or low-  T c   superconductor (LTSc). This work was soon followed by Kostić et al. presenting a thorough investigation of the PME in Nb materials [27]. This work resulted in a comment [28] and a reply [29], where the inherent differences between the PME in metallic, s-wave superconductors and the HTSc (d-wave superconductors) were clarified. Furthermore, several reports presented details of the superconducting transitions on different Nb samples with the magnetic field applied in parallel and perpendicular directions [26,30], the vanishing of the PME by surface treatments [27,31], and the enhancement of the PME by ion implantantion [32]. In this way, a new research direction was born.



The mostly isotropic LTSc used for these studies were compact, bulk, and homogeneous materials in stark contrast to HTSc, which are typically granular materials with their inherent complicated crystal structures, mostly tetragonal ones. Therefore, the LTSc may serve—owing to their relative simplicity—as a superconducting model system to perform detailed studies in order to clarify the physical origin of the paramagnetic moment appearing when crossing through   T c   from higher temperatures.



Since then, the PME was observed in a variety of metallic superconductors [33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48], and in different forms such as thin films [49,50,51,52], nanowire arrays [53], multilayer systems [54,55,56,57,58,59], and very importantly, in nanocomposites [60,61] and mesoscopic structured samples [62,63,64,65,66]. Multilayered materials may be composed of superconductor/normal metal, but also superconducting/para- or ferromagnetic ones. Of course, since the discovery of MgB   2  —the metallic superconductor with the highest transition temperature [67,68]—it was only a matter of time before reports of PME in this system appeared in the literature as well [69,70,71,72,73,74].



All these observations of PME involve a large variety of superconducting materials and various sample shapes. Thus, it is the aim of the present review to summarize all these experimental efforts, which will contribute to a better comprehension of the observations of the PME in metallic superconductors.



Several theoretical approaches [75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96] to explain the PME were already reviewed by Li [97], but only a short summary of the experimental data was given in this article. Here, it is important to point out that two basically different explanations for the PME exist in the literature:




	(i)

	
Extrinsic PME. Here, the PME is not related to the material properties, but to properties of the sample surface, surface superconductivity, or the spatial variation of the superconducting properties in a given sample. This is the case for the giant vortex state [85,86], flux trapping, and compression effects [82], which will be discussed in detail later on in this review.




	(ii)

	
Intrinsic PME. In this case, the PME is an inherent material property. The PME may be originating by the presence of Josephson coupled  π  junctions, which could arise due to the unconventional order parameter (e.g., the d-wave symmetry in HTSc cuprates [28,92]). Furthermore, s-wave odd-frequency superconductivity may occur in a two-band superconductor (e.g., MgB   2  , pnictides) [98,99] or in superconductor/nonsuperconductor and superconductor–magnet hybrid systems [100,101,102,103,104,105,106], where the time-reversal symmetry of the superconducting condensate is broken by magnetic ordering and thus can result in the stabilization of an odd-frequency superconducting state.









The theoretically oriented review of Li [97] could not provide a solution to the (still) ongoing discussion regarding which explanation may be the correct one, leaving this question open to new results appearing in the future. Thus, it is also not the intention of the present review to revive the discussion regarding which explanation is the correct one. Very recently, PME was also observed in superconducting boron-doped diamond thin films [107], which represents an elemental superconductor, but not a classic metallic one. Furthermore, renewed interest in superconductor/nonsuperconductor and superconductor/ferromagnetic Josephson junctions as well as in multiband superconductors led to new theoretical predictions of paramagnetic Meissner currents (intrinsic PME) in such systems. However, the experimental proof of these predictions turned out to be difficult with currently only one successful demonstration in the literature [108].



Therefore, the present review mainly focuses on the experimental observations of the PME in metallic s-wave superconductors in bulk or mesoscopic forms. We further provide new experimental results obtained since the first review article published in 2003, work out the distinct differences between the PME of HTSc superconductors and the metallic ones, and discuss the experimental difficulties for the observation of the PME.



This manuscript is organized as follows. In Section 2, we present the various experimental observations found in the literature. Section 2.1 gives an introduction to the PME found first in polycrystalline Bi-2212 HTSc samples and compares these reults to the observations of the PME on bulk Nb disks. A third type of PME was observed in YBCO thin films, patterned YBCO structures, and YBCO nanowires, which has only some features in common with the other two cases. In Section 2.2, the observations of paramagnetic signals upon field-cooling of various metallic superconductors are reviewed. Then, in Section 2.3, we discuss the various methods applied to observe PME, which is very important to understand the data published in the literature. Section 3 focuses on details of the specific experiments performed in Detroit, Tokyo, and Nancy on bulk Nb disks to elucidate the nature of the PME. Firstly, the parameters of the investigated samples are presented in Section 3.1. The measurements described in detail include the   m ( T )  -behavior with PME (Section 3.2), the magnetic hysteresis loops at temperatures close to   T c   (Section 3.3), and discusses the experiments performed in the literature to enhance or reduce the PME (Section 3.4). Furthermore, Section 3.5 presents investigations of PME as a function of time, and Section 3.6 presents AC susceptibility measurements on the Nb disks. In Section 4, the attempts to imagine the giant vortex state and flux structures close to the superconducting transition are discussed. In Section 5, the most important models to describe the PME in the metallic superconductors are outlined. Finally, Section 6 presents the conclusions and an outlook to further investigations of the PME.




2. Experimental Data of PME


2.1. Comparison of the PME in HTSc and Metallic Superconductors


We start with a comparison of the PME found in bulk Nb disks (see Figure 1a, [26]) with that of HTSc Bi-2212 polycrystalline ceramics (see Figure 1b, [13]) and an artificially patterned YBCO thin film sample (see Figure 1c, [109,110,111]). For all three samples, the magnetization is plotted versus temperature,   m ( T )  . The PME is observed when field-cooling (FC-C) or field-warming (FC-W) the sample in a small applied magnetic field. The third cooling mode is zero-field cooling (ZFC), where the sample is cooled in zero field to the lowest temperature, and then a small magnetic field is applied. In this mode, signatures of PME may also be observed (lower panel of Figure 1b). The features found in Figure 1a–c are, at first glance, qualitatively the same; in all three cases, there results a positive   m ( T )   signal, i.e., a paramagnetic signal, when cooling the sample in quite small fields, and the positive   m ( T )   signal reduces gradually when applying larger magnetic fields. However, it is also quite obvious that the Nb disk exhibits very clear minima (  T 1  )/maxima (  T p  ) on field cooling as well as on warming, whereas these features are less clear in Bi-2212 (Figure 1b) and practically non-existent in the case of the patterned YBCO film (Figure 1c).



In ref. [112], the authors list some more distinct differences of the PME in Nb and Bi-2212 samples: “Before proceeding to a discussion of our experiment we would like to remark that these two forms of paramagnetism in ceramic Bi-2212 and in a bulk Nb sample can be clearly distinguished in several other ways. For example, the cooling rate affects the magnetic response differently in the two cases. Recent experimental data show significant differences between Nb and granular Bi-2212 HTSc samples. While slow cooling enhances the paramagnetic signal for the granular sample, it is diminished in the Nb sample. This clearly indicates that the equilibrium state of both samples in a small magnetic field is quite different [113]. For the Nb discs Koshelev and Larkin gave an explanation based on the idea that during the cooling process the surface region nucleates superconductivity before the bulk, so that magnetic flux in the sample is compressed and creates an enhanced magnetization [82]. This compressed flux mechanism leads to a metastable state which depends on the cooling procedure whereas the polarization of the spontaneous orbital moments is an equilibrium process. Further, noise measurements of the magnetization of Bi-2212 give signals which are compatible with the presence of spontaneous orbital moments [114]”.



The more detailed measurements on the Nb disks performed in the Detroit group in the later years also revealed several important differences between the polycrystalline HTSc samples and the bulk Nb samples, such as the presence of two characteristic temperatures,   T 1   and   T p   (see the lower panel of Figure 1a), at all applied magnetic fields, and the different shape of the magnetization loops in the temperature range between   T p   and   T c  . This will be discussed in detail in Section 3 below.



The situation of the sample in Figure 1c is completely different. This sample is patterned from a homogeneous YBa   2  Cu   3  O    7 − δ    (YBCO) thin film [109,110], which in its original form did not show any PME. The structure is pictured in the top graph of Figure 1c. The sample does not contain any weak links, which one expects from a granular sample, but the current paths between the individual disks are constricted to a narrow area, where the disks are touching each other. This guarantees the flow of a strong inter-disk current, but with a changed field dependence. Thus, the PME in this sample is only observed at very low applied fields, and entirely extrinsic as being caused by trapped flux between the disks. Specific features of the PME such as the characteristic temperatures   T 1   and   T p   could not be observed here, as there is no contribution of surface superconductivity. Interestingly enough, practically the same situation was encountered recently when investigating the magnetic properties of superconducting YBCO nanofiber mats [115,116], where the supercurrents can flow in local rings as well. Thus, the resulting PME signals resemble the ones of this artificially granular thin film, but with a much smaller signal strength as compared to the thin film sample.



In the literature, there is a fourth type of PME reported, the so-called high-field PME or HFPME [117,118,119], which is only observed on HTSc bulk samples of the (RE)BCO-type (where RE = Y, Nd, Eu, Sm, Gd) when measuring superconducting transitions in high applied magnetic fields. The   m ( T )  -signals recorded first go to negative values at   T c  , but then start to turn towards positive values at lower temperatures. However, the recorded transitions are fully different from the ones of polycrystalline Bi-2212 [13,14], which suggest a different origin. In refs. [120,121], we could show that the superconducting transition may be only a small negative contribution to an otherwise positive   m ( T )  -signal when measuring various (RE)BCO bulk superconductors, including GdBCO, NdBCO, or a mixture such as (Nd, Eu, Gd)BCO (abbreviated NEG). In particular, GdBCO may show a Néel temperature below 4 K to a ferromagnetic state. So, this high-field PME is mainly caused by such strong paramagnetic magnetic moments inherent to the sample itself.




2.2. Metallic Superconducting Samples with PME


Figure 2 and Figure 3 present observations of the PME on a variety of metallic superconductors, where FC curves result in positive values of   m ( T )  . In nearly all these measurements, the external magnetic field is applied perpendicular to the sample surface unless noted otherwise (Figure 2a,d and Figure 3a). This also applies to the various measurements on the Nb disks with the exception of Figure 10. However, only some of the authors also provide detailed graphs of the superconducting transition region, where some of the characteristic features, such as in the case of the Nb disks, can be seen, e.g., the work of Ramjan et al. [122] on V    0.6   Ti    0.4    alloys with varying Y-content or the measurements on SrBi   3   crystals by Zhang et al. [48]. Some of the samples investigated are even multilayers where one component may be magnetic, or samples with different amounts of additional doping, which can be either paramagnetic or ferromagnetic [54,55,56,61,108,123]. Such samples may exhibit positive (paramagnetic)   m ( T )   signals in the entire temperature range also above the superconducting transition, so the magnetic signals must be worked out properly and be subtracted from the respective plot. This makes the comparison of the curves found in the literature quite difficult. On the other hand, wherever the measurements provide the details close to   T c  , the characteristic minima and maxima can be observed in the   m ( T )  -curves, which clearly points to the importance of the two characteristic temperatures,   T 1   and   T p  .



We further must note here that some of the experiments reported in the literature did only show the presence of PME in their specific system, but some of the experiments carried out were indeed dedicated and planned experiments to test the theoretical predictions for the occurrence of the PME, which nicely reflects that the metallic superconductors are the workhorses for experimentalists.



The PME was observed up to now on a large variety of metallic superconductors including Nb (bulk disks, bars, thin films, as well as nanostructured samples), Pb (on bulk disks, but also in nanowire arrays and Pb-porous glass nanocomposites), mesoscopic structures of Al and Nb [62], Ta, 2H-NbSe   2   single crystals, Nb-AlO   x  -Nb tunnel junctions, SrBi   3   and ZrB   12   single crystals with specific vortex–vortex interaction, indium-tin oxide films with electrochemical doping (e.g., Mg), Ca   3  Rh   4  Sn   13  , Ti-V alloys, Nb-Gd composite thin films, Bi   2  Te   3  -FeTe heterostructure, Mo    100 − x   Re   x   alloy, Dy    1 − x   Y   x  Rh   4  B   4  , Co/Nb multilayers, Ag/Nb proximity structures, and also the MgB   2   system [69,70,71,72,73,74], which represents the metallic superconductor with the highest transition temperature. Here, we must note that the PME in MgB   2   was always observed in polycrystalline samples (bulks or tapes), where the grain connectivity may be different depending on the chosen preparation route.



A different issue is the various superconducting/ferromagnetic compounds, which can be multilayered thin films or materials with chemical doping [54,55,56,60,61]. Here, the presence of a ferromagnetic material provides extra stray fields when cooling the sample below   T c  . All authors mainly discuss the field trapping/compression as the main reason for observing the PME.



Another unique case is superconducting B-doped diamond (BDD) thin film with various doping levels [107]. Such samples were reported to exhibit PME in   m ( T )  -curves recorded in 1–15 mT (10–150 Oe) applied magnetic fields. BDD is a disordered s-wave superconductor and  π  junctions could be produced by spin-flip scattering of spin ½ moments when present at weak superconducting regions. A frustrated network of 0 and  π  junctions will result in a distribution of spontaneous equilibrium supercurrents, a spin glass (phase glass) state. Besides PME, the samples also showed a pressure-induced spin glass type anomaly below   T c   in one sample. The authors suggested that the two effects together imply the emergence of  π  junctions in the bulk of the BDD films, from structural inhomogeneity and spin-flip scattering mechanism.



The muon-based experiment of DiBernardo [108] represents a dedicated attempt to demonstrate the intrinsic PME (odd s-wave superconductivity) in a metal–ferromagnet hybrid system (Au-Ho-Nb trilayer), which is a non-trivial task as such hybrid systems cannot be investigated by magnetometry. These results will be discussed further in Section 4.



Figure 2a–f and Figure 3a–f give several experimental results on various metallic superconductors. Table 1 lists all PME experiments on metallic superconductors, together with the data for the superconducting transition temperature (onset), the recorded transition width   Δ  T c   ,  κ , the references, and some remarks on the experiment itself. In particular, the PME observations on mesoscopic metallic superconductors (Al, Nb) [62,64] gave very important input to the understanding of the PME. The same applies to the measurements on ZrB   12   crystals with a unique vortex–vortex interaction [37], making the material an intermediate 1.5-type superconductor. This we will discuss in Section 5 in detail.



Furthermore, of course, samples of the metallic superconductors are much better suited than HTSc materials (deposition of clean thin films, patterning) to attempt the various types of magnetic imaging of the vortex structures, as we will see later in Section 4 below.



After the first observations of the PME in the Bi-2212 HTSc, the work in this direction also continued. Here, we list only some of the contributions as this could be a topic of its own, dedicated review. Even more details on the superconducting transitions of Bi-2212 were worked out [124,125], and several more types of HTScs were found to exhibit the PME, such as YBCO as thin films, polycrystalline bulks, single crystals or nanofiber mats [17,115,116,126,127,128,129], La    1 − x   Sr   x  CuO   4  [130], the electron-doped superconductor Nd    2 − x   Ce   x  CuO   y  [131], the bismuthate Ba    1 − x   K   x  BiO   3  [132] and RSr   2  Cu   2  NbO    7 − δ    compounds (R = Y, Pr, and Gd), which have a crystallographic structure like YBCO [133]. Furthermore, the PME was observed in measurements of the iron-based superconductors (IBS), such as K    0.8   Fe    1.7   Se   2  [134]. An important issue we must note here is that all these HTSc materials mentioned here are typically granular, and most of the samples studied are such with    T c  <   77 K. Very recently, PME measurements were carried out on an YBCO thin film with embedded BaHfO   3   nanorods, yielding   m ( T )  -curves similar to the artificial granular YBCO film (see Figure 1c and YBCO nanofiber mats [135]). The authors ascribe the observation of PME due to field-trapping along the non-superconducting nanorods.



Thus, the metallic superconductors represent a large playground for the observation of the PME in clearly non-d-wave superconductors. This also applies for the measurements in MgB   2  , representing a two-band superconductor with all tunable inter-grain properties [68,136,137]. Interestingly enough, there are no observations of the PME reported in granular systems, such as metallic superconductor wires of NbTi or Nb   3  Sn, which may be a consequence of the strong coupling between the grains in these materials [7,138].
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Table 1. Metallic superconductors exhibiting the PME. Given are the various materials, the sample type, the superconducting transition temperature,   T c  , in Kelvin, the transition width,   Δ  T c   , the Ginzburg–Landau parameter  κ , the respective citations, and some remarks on the experiment. The abbreviation nps denotes nanoparticles, ⌀ stands for diameter, and ITO = Indium Tin Oxide.
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	Name
	Type
	    T c    
	    Δ  T c     
	   κ   
	Citation
	Remarks





	Nb bulk
	commercial
	9.26
	∼0.1
	—
	[25,30,31,32,139,140,141,142]
	stationary sample, SQUID



	Nb bulk
	from ingot
	9.25
	0.05–0.1
	∼1
	[27]
	several types of samples, disk-shaped, 3–6 mm ⌀



	Nb
	calculated
	—
	—
	—
	[39,40]
	disks, cylinders



	Nb
	crystal, poly
	9.38
	—
	—
	[35]
	Nb crystal bar, polycryst. disks



	Ag-Nb
	wires
	9.2
	—
	—
	[63]
	Nb-wires with Al sheath



	Nb
	films
	9.2
	0.03
	—
	[88]
	strain-free thin films



	Nb
	films
	8.8/8.3
	—
	—
	[52]
	thin films, relaxation



	Nb-Gd
	films
	8.85/4
	—
	—
	[54]
	Gd-doped Nb films, various doping



	nano-Nb
	Nb powder + corund
	—
	—
	—
	[44]
	granular Nb with various pore sizes



	Nb/Cu
	multilayers
	9.25
	0.3
	—
	[51]
	PME, AC frequency dep.



	Nb/Co
	multilayers
	9.2
	—
	—
	[55]
	Co-layer top/bottom of Nb (240 nm)



	Au-Ho-Nb
	trilayer
	8.52
	0.3
	—
	[108]
	 μ SR-study



	Nb-AlOx-Nb
	multiply connected
	—
	—
	—
	[57,58]
	Josephson junction arrays



	Pb
	films on PEEK
	7.2
	0.1
	—
	[50]
	rolled up as cylinders



	Pb-glass
	porous glass
	7.2
	∼0.5
	—
	[33]
	85% filling of pores with Pb



	Pb-nw
	NWs 40 nm dia
	7.2/4
	—
	—
	[53]
	filled alumina template



	Pb-Co
	nanocomposite
	6.2
	—
	—
	[61]
	Pb thin film with 1 vol-% Co



	Al
	thin film/disks
	1.1
	0.7
	0.3
	[62]
	Al and Nb mesoscopic structures



	Al
	disk 1.5  μ m ⌀
	—
	—
	—
	[64]
	Al mesoscopic disk, 0.03 K



	Ta
	foil
	4.38
	—
	1.39
	[35]
	Ta foil



	Bi/Ni
	Ni layer on top
	3.9
	0.1
	—
	[59]
	PME in positive/negative fields



	NbSe   2  
	single crystals
	7.15
	broad
	—
	[41]
	very clean crystals



	Ca   3  Rh   4  Sn   13  
	single crystals
	8.4
	∼2.5
	—
	[46]
	SQUID-VSM with various amplitudes



	Dy    ( 1 − x )   Y   x  Rh   4  B   4  
	crystals
	∼6
	0.5
	—
	[36]
	various contents x tested



	LiRhB
	polycrystalline
	2.4 –2.6
	—
	1
	[47]
	different composition, partly 2   T c  ’s



	Bi   2  Te   3  -FeTe
	bilayer
	∼6
	—
	—
	[60]
	Bi   2  Te   3   (9 nm)/FeTe (140 nm)



	In-Sn
	cylinders, 3 phases
	6.2/4.7/3.7
	0.2
	—
	[34]
	 β -InSn,  γ -InSn,  β -Sn → extrinsic PME



	In-Sn-O
	films, Mg-dop.
	4.81
	0.09
	—
	[49]
	doped ITO with Mg, 90/10



	Mo    100 − x   Re   x  
	bulk
	4.47
	—
	—
	[45]
	high-field PME



	Ti    0.8   V    0.2   
	bulk
	4.15
	0.2
	—
	[38]
	high-field PME



	V/Fe
	bilayers
	3.3–3.5
	—
	11–20
	[56]
	40.1 nm V/1.1 nm Fe



	V    0.6   Ti    0.4    with Y
	alloy
	7.6
	2
	—
	[122]
	bulks, PME features up to 7 T



	Ni/Ga
	bilayers
	∼4.2 K
	—
	—
	[123]
	60 nmGa/3 nm Ni



	ZrB   12  
	crystals
	5.95
	0.08
	0.8
	[37]
	type II-1 sc., vortex interaction



	SrBi   3  
	crystals
	5.6
	0.05
	1.01
	[48]
	diamagnetic dip in FC-W curves



	B-doped diamond
	thin film
	5.8–2.1
	—
	—
	[107]
	various doping



	MgB   2  
	granular
	38.2
	∼2
	—
	[69]
	bulk/powder



	MgB   2  
	granular/sintered
	38
	∼2
	—
	[70]
	bulk,  γ -irradiation



	MgB   2  
	TiO   2   np
	—
	—
	29.1
	[71,72]
	2% TiO   2  



	MgB   2  
	tapes
	35–29.9
	∼5
	—
	[74]
	Fe-sheated tapes with Co   3  O   4   nps



	MgB   2  
	MgO
	37.1/38.8
	15/0.5
	—
	[73]
	MgO∼40%/∼7.3%









2.3. Apparatus


Before starting the discussion of the PME observations, it is instructive to have a look at the measurement apparatus employed by the various groups. Various experimental techniques were applied to observe the PME in superconductors. As the Meissner effect describes the magnetic phase transition of a material to the superconducting state at a given applied field (see also the phase diagram in Figure 9 below), the use of magnetometry is the most natural approach, and, as the signals to be expected may be very small close to   T c  , a superconducting quantum interference device (SQUID) magnetometer is the most appropriate choice. However, several other measurement methods were employed in the literature, such as the vibrating sample magnetometer (VSM), extraction magnetometer, Faraday balance and AC susceptometer, all both commercial and custom-built. Magnetic imaging techniques—magneto-optic imaging (Faraday effect), scanning Hall probe(s), and scanning SQUID techniques—were used to study the PME near the superconducting transition regime.



Here, it is important to give some comments to the most widely used method: SQUID magnetometry. In early stages of the PME experiments, there were discussions whether the observed PME is actually from the sample or just an artifact of the measurement technique. Blunt et al. [12] demonstrated that spurious trapped fields in a superconducting magnet system can lead to a paramagnetic superconducting transition, which is in fact just a mirror image (mirrored at the temperature axis) of the normal diamagnetic situation. Thus, this situation can be excluded as a manifestation of PME. Another such report was presented by Atzmony et al. [143], which clearly indicated that the paramagnetic signals observed on a bulk YBCO sample with strong flux pinning were just an artifact arising from the presence of a small field gradient. When measuring the same sample in an extraction magnetometer, these paramagnetic signals were gone.



A very useful documentation for experimentalists was presented by McElfresh [144], discussing the various problems which may appear when using SQUID magnetometers to measure the superconducting transition.



Due to these obvious problems with magnetometry of small magnetic signals, all major results obtained by the groups in Cologne (on polycrystalline Bi-2212 samples) and Detroit (bulk Nb disk samples) were measured using a commercial SQUID magnetometer [145] using the technique of a stationary sample [26,31,146]. The sample in the form of a disk was positioned at the center of the second-order gradiometric detector coil in the SQUID magnetometer. The sample plane was perpendicular to the magnetic field generated, which is a part of the ultra-low-field option of the commercial magnetometer (Quantum Design, [145]). To avoid any residual flux trapped in the surrounding superconducting magnet, the entire magnet system was warmed above its superconducting transition temperature and the superconducting magnet was never energized until the completion of all low-field measurements. During both temperature and field measurements, the sample was kept stationary, thereby eliminating any spurious signals that might have arisen from field inhomogeneities with sample position. The maximum field generated by the Cu solenoid was only 1 mT to prevent possible damage of the coil. The available field range was also limited by the range within which the SQUID voltage can be measured. The major contribution to the SQUID voltage was from magnetic flux change due to magnetic field change and the signal from the sample was relatively much smaller. The field range   ± 1   mT used in this work is both safe for the Cu coil (   I max  =   0.2 A) and also the field-induced SQUID voltage was always within the range covered by the SQUID electronics.



These measurements were controlled by low-level programs written in the EDC language [145]. The analog voltage output from the SQUID amplifier is proportional to the magnetic flux change through the pickup coils. During the temperature-dependent measurements at constant field, the magnetic flux change through the pickup coils is only due to the relative changes in magnetic moment of the measured sample and the SQUID voltage can be directly transformed into magnetic moment values.



The 5 T superconducting magnet build in the magnetometer system was not used to generate the field to avoid problems caused to flux trapping in this magnet, in particular the inhomogeneity of the trapped field and flux relaxation, i.e., time-dependent decay of the magnetic field. To avoid even residual flux trapped in this magnet from previous measurements, all the low-field measurements discussed in this paper were carried out only after first warming up the whole system with the superconducting magnet. The only way this magnet (permanently switched off during all the measurements since the last warm-up of the system) affected the magnetic field at the sample position was by partial screening of the stray field generated around the small Cu coil.



Here, we present a discussion of some more details of the measurement system operated in Detroit, which was essential for the discovery of the PME in Nb. The magnetic field H at the sample position was during the standard system operation (i.e., when the 5 T superconducting magnet immersed in liquid Helium was not used but it was in the superconducting state) proportional to the current as


  H =  C H  I  



(1)







In the system in Detroit,    C H  =   4.83 mT/A so that the maximum field was    H max  =  C H   I max  =   0.966 mT for    I max  =   200 mA. The effect of screening by the superconducting magnet is significant; the field generated by the copper coil was nearly two times larger when the 5 T superconducting magnet was in the normal state and easily penetrated by stray field from the copper coil. In such a case,    C H  =   8.2 mT/A. Even without any sample in the pick-up SQUID coil, the SQUID voltage changes due to an improper balance of the gradiometric coils when the external magnetic field is changed. This field-dependent background voltage has to be subtracted from a measured signal to obtain the true signal due to the relative changes of the magnetic moment of a sample placed inside the SQUID pick-up coil. The background voltage can also be expressed formally as a virtual magnetic moment with the susceptibility   χ b  . For this system,   χ b   = 0.003622 emu/Oe = 0.03622 Am   2  /T, so for the maximum field    H max  =   0.966 mT the moment to be formally subtracted is as large as    χ b   H max  =   0.035 emu.



Before a measurement of a magnetic hysteresis loop (MHL), the sample was cooled from normal to superconducting state in zero field and so that one can well assume that the magnetic moment of the sample stays zero as long as zero field is kept. When a magnetic field is applied, the SQUID voltage changes due to both the background field-induced voltage and the magnetic moment induced in the sample. The actual moment, m, of the measured sample is evaluated from the SQUID voltage, U, using the expression


  m =  C m   ( U −  q b  H −  U 0  )  ,  



(2)




where   U 0   denotes the SQUID voltage after cooling the sample in zero field that corresponds to zero magnetic moment.



It should be noted that this is a way of evaluation of only relative changes of the magnetic moment with respect to a reference starting value. The resolution of such moment evaluation is limited mainly by noise in the relatively large background SQUID voltage. The sensitivity of moment measurement using the above-described method is better than 10    − 6    emu.



Complementary measurements in magnetic fields larger than 1 mT were carried out as “standard” magnetization measurements using the built-in 5 T superconducting magnet to generate the applied field. Though the superconducting magnet was used to generate the field, it was never charged up to higher fields before and during the measurements to minimize the amount of flux pinned in the magnet itself. The sample was moving during (only) these measurements, but the scan length was set below 1 cm. In the overlapping range of fields and moment values, the results from both methods were close to each other, which illustrates the validity of the low field procedure. The comparison of the moving (⚊) and stationary sample (⚊) during an MHL run is depicted in Figure 4. The results of this comparison then enabled the further measurements of the PME on more standard magnetometers as the specific features of the PME curves were known. Of course, the reduced scan length was kept for all further measurements of the PME on different SQUID systems (Tokyo, Nancy).



Knowing the situation of the PME measured by a stationary sample, one could also employ the standard measurement mode of the SQUID magnetometer, e.g., to reach much higher applied magnetic fields. One way out of the problem was for many researchers to operate the PME measurements just after the coil system of the magnetometer was warmed up to room temperature to avoid any kind of trapped flux in the coil system. Another very useful feature was the constant temperature sweep mode, available first with the QD XL-SQUID line, allowing to record the superconducting transitions with controlled temperature sweep rate. Measurements of this type were carried out by us in Tokyo using a 7T-XL SQUID system [120].





3. Specific Measurements, Details of the Superconducting Transitions of Nb Disks, and Discussion


In this section, we focus on the various measurements of Nb disk samples, originating in Detroit. Detailed   m ( T )   and   m ( H )   measurements were performed in various applied magnetic fields (see Table 2) (using the Cu coil of the low-temperature option as well as the superconducting magnet of the SQUID systems). The magnetic field was always applied perpendicular to the sample surface, except for the measurements shown in Figure 10a,b, where the field was applied parallel to the sample surface. The Nb disk samples and sheets were carried from Detroit to Tokyo, Japan, and later on to Nancy, France, so the time of measurements on these samples spans more than 25 years.



3.1. Investigated Nb Samples


The samples originally measured in Detroit were Nb disks 6.4 mm in diameter, which were punched from commercially available, 0.127 mm thick sheets (99.98% purity, Johnson-Matthey) [25,26]. In addition, the optical and electron microscopy investigations on these Nb disks punched from cold-rolled 0.127 mm thick Nb sheets also indicate the presence of surface defects and voids.



The results presented in the following Figure 5, Figure 6 and Figure 7 are for one particular Nb disk (sample Nb1, stemming from Nb sheet D4S2); see also ref. [25]. One of the original Nb sheets (D4S2) and some punched disks (samples named Nb001–Nb005) were carried to Tokyo (SRL/ISTEC, Div. 3) for further measurements in different magnetometers, and finally to IJL Nancy, France, where the same material was studied again nearly 25 years later using SQUID magnetometry and AC susceptibility measurements.




3.2. Observation of PME—Superconducting Transitions


In this Section, we focus on the detailed measurements performed on various Nb disk samples, which were found to exhibit the most clear PME behavior. Niobium (Nb) has a bcc lattice (  a =   0.33 nm and   α = β = γ  ), is isotropic, and represents a classical s-wave superconductor with a Ginzburg–Landau parameter  κ  close to the border between type-I and type-II superconductors ( κ ∼0.8–1.0).



The Nb sample studied in Detroit (similar to some other bulk Nb samples seen in the literature) shows a very specific behavior around the superconducting transition region. In previous papers [25,27], this behavior was studied in detail, mainly using the field-cooled cooling (FC-C) and field-cooled warming (FC-W) curves, i.e., the temperature dependence of magnetic moment   m ( T )   was measured at constant magnetic field when the temperature is slowly and continuously swept from a temperature where the sample is in a normal state down to a temperature well below the superconducting transition (FC-C) and then the temperature sweep direction is reversed (FC-W). These scans of the magnetic moment,   m ( T )  , reveal several characteristic temperatures, namely    T 1    ( <      T  c , onset    )    describing the minimum of magnetization, and   T p   (  <  T 1   ), which indicates the maximum of the positive moment [139]. Note here that in some publications,   T 1   was also called   T u  . We must note here that these characteristic temperatures are very important for understanding what is going on in the sample when cooling or warming it in applied magnetic fields.



Figure 5a presents details of   m ( T )   transitions measured on a punched Nb disk. The superconducting transitions were measured in small applied magnetic fields (10, 50, 100, 200  μ T) perpendicular to the sample surface generated by the Cu coil (using the low-field option with stationary sample). The temperature was continuously swept at a rate of   | d T / d t | =   38 mK/min. The arrows indicate the direction of the measurement (FC-C and FC-W). The temperature   T p   is defined here as the temperature of the maximum   m ( T )  . The inset to (a) shows the definition of the temperature   T 1   as the lowest   m ( T )   recorded on the diamagnetic side.



Figure 5b presents a similar situation, but here the measurement is performed at a fixed field (   B ext  =   0.5 mT) and the temperature was swept at a rate of   | d T / d t | =   mK/min to reach various minimum values (  T min  ) between   T 1   and   T p   and also slightly below   T p  , which are indicated in the graph. The inset to (b) gives more details close to   T 1  . Here, one can see that the   m ( T )   curves are nearly reversible in the temperature range between   T 1   and   T c  . Whatever the origin of the paramagnetic moment appearing in the sample between   T 1   and   T p   is, it appears and disappears nearly reversibly when increasing/decreasing the temperature. Furthermore, the onset of the nearly reversible diamagnetic moment can be determined to be at about   T =   9.27 K. This moment is fully reversible as long as the temperature did not go close to 9.13 K and below. If the sample was cooled below 9.13 K, one can observe a very slight hysteresis of the   m ( T )   curves even in the temperature range above   T 1  . The   m ( T )   curves below   T 1   are fully reversible as long as the temperature   T min   is not below about 9.07 K during the cooling and warming cycle. For the   m ( T )   curves measured at    T min  <   9.07 K, one can see during warming a sharper decay of the magnetic moment towards its equilibrium value at   T =  T 1   .



Thus, the field-cooled magnetization results for Nb disks show a paramagnetic moment that has a reversible nature as it appears and disappears at the same temperature   T 1   during cooling and warming, respectively. This moment is superimposed on typical diamagnetic superconducting behavior below   T 1   and continues to increase in magnitude until the temperature   T p  . Thus, the appearance of a net positive signal at lower temperatures depends on the relative magnitude of the paramagnetic moment of the sample to that of the diamagnetic moment below the temperature   T p  .



In Figure 6a–c, FC-C and FC-W   m ( T )  -curves are shown in various applied magnetic fields up to 140 mT. A paramagnetic (positive)   m ( T )   is observed on FC-C for small applied magnetic fields. This positive moment gradually reduces on the increasing field, and the low-T part of each curve is obtained at negative   m ( T )   for all applied fields above 3 mT. However, the FC-W curves all show the characteristic step in the temperature range 8.8–9.2 K.



Figure 7 presents high-field measurements of the PME on a Nb disk (Nb002) which was carried from Detroit to Tokyo. Using the constant temperature sweep rate of a 7T-XL SQUID [145], the measurements were performed with the superconducting coil in the persistent mode. The measurements were performed after the entire magnetometer had been warmed up to room temperature for servicing. In this way, any spurious trapped fields in the coil system can be safely excluded. From this graph we can see that the   m ( T )  -curves obtained are always on the negative (i.e., diamagnetic) side, but the fingerprints of the PME can be observed as characteristic steps in the FC-W curves up to 200 mT applied magnetic field.



Figure 8 gives the results of an important experiment which we called ‘shifting the PME’. To estimate the magnitude of the paramagnetic step on the FC-C and FC-W curves measured at    B ext  =   0.05 mT (see Figure 8a), both the cooling and warming curves below   T p   were shifted to such a position that the magnetization curves above   T 1   and below   T p   point toward each other. The best results at this value of   B ext   were obtained for the shift by    m shift  =   1.33 × 1  0  − 9    Am   2  . In the detailed view of the transition given in Figure 8b, one can see that the shifted curves combined with the curves above   T 1   form a nice, archetypal FC-C and FC-W curve. This is a clear indication that the relative shape of the recorded FC-C and FC-W curves below   T p   follows an archetypal shape. The crucial change in the superconducting state takes place between temperatures   T 1   and   T p  , where an additional positive moment (superconducting currents) appears in the sample, and this moment stays constant in the sample as long as the temperature stays below   T p  . It again starts to disappear from the sample when the temperature is raised above   T p   and it finally disappears completely above   T 1  .



Below   T  c , onset   ,   m ( T )   becomes more negative upon cooling until   T 1   is reached (≈9.16 K at the lowest fields), where   m ( T )   abruptly turns towards positive values. This increase in   m ( T )   continues until another characteristic temperature,   T p   (≈9.16 K at the lowest fields), is reached, where   m ( T )   exhibits a cusplike behavior. Below   T p  , the relative temperature dependence of   m ( T )   appears to correspond to the archetypal FC-C behavior of a superconducting sample not exhibiting the PME. As discussed in ref. [25], another characteristic feature of the PME for the Nb disks is the large hysteresis between the FC-C and FC-W curves with the FCW curves being lower than the FC-C curves. Upon warming, the   m ( T )   curves remain practically constant until the moment turns abruptly towards negative values at a temperature essentially the same as   T p  . Then, at a temperature identical to   T 1  ,   m ( T )   jumps to a less diamagnetic and more probable equilibrium value as the PME appears to vanish suddenly. The similarity in characteristic temperatures where the positive moment first appears during cooling and then disappears during warming as well as where the positive contribution stops increasing in magnitude during cooling and subsequently begins to decrease upon warming suggests that the PME has a reversible nature.



Figure 9 presents the phase diagram of the PME in the bulk Nb disks, constructed from the temperature variation of the characteristic temperatures   T 1  ,   T p  , and   T  c , onset   . The inset to Figure 9 presents a schematic phase diagram including surface superconductivity as described by    H  c 3    ( T )    and the flux flow region described by the irreversibility field    H irr   ( T )   . The green arrow indicates where FC-C and FC-W measurements are crossing the phase diagram.    H irr   ( T )    is for most metallic superconductors very close to    H  c 2    ( T )    [147]. Note also that in the field-cooling experiments with a magnetic field applied, there is always magnetic flux in the sample, and a pure Meissner state will not be reached even if flux is expelled from the sample. The temperature   T  c , onset   , which is slightly larger as the bulk   T c  , defines the first onset of superconductivity, i.e., the first recording of a diamagnetic moment which occurs at ≈9.23 K for the sample discussed here. All Nb samples from the same Nb sheet we studied in Detroit, Tokyo, and Nancy have   T c   between 9.23 and 9.27 K. Also given are   T c   data (magnetically measured to determine   H  c 2   ) for pure Nb and Nb treated in N   2   from ref. [148]. Any differences determined between the FC-C and FC-W runs for these temperatures are within the size of the data points and are the result of a temperature lag between the sample and the thermometer during the cooling and warming processes. One further can note here that the field dependence for all three temperatures is nearly linear:   d  T p  / d  B e  =   13.5 K/T (<60 mT) and 11 K/T (>60 mT),   d  T 1  / d  B e  =   10 K/T, and   d  T  c , onset   / d  B e  =   8.7 K/T. Our   T  c , onset   -data are higher and   d  T c  = d  B e    smaller as compared to Weber and Schachinger [148], which may be possible due to different accuracy in measurement/determination of the onset of the diamagnetic signal. However, another explanation is given in ref. [37]: Our   T  c , onset    could directly correspond to    H  c 3    ( T )   , i.e., the onset of the surface superconductivity. Then,   T 1   could correspond to the curve of    H  c 2    ( T )    and   T p   to    H irr   ( T )   , which requires some further analysis using also AC susceptibility measurements (see Section 3.6 below).



In Figure 10a,b the results of applying a magnetic field parallel to the sample surface are shown. Figure 10a, presenting   M /  H ⊥   ( T )    and   M /  H ‖   ( T )   , indicates the temperatures   T u   (which is defined as the first appearance of a paramagnetic moment, and    T u  ≤  T 1    as discussed previously) and   T p  , where the positive contribution stops increasing in magnitude during cooling [141]. The values of the applied field were, however, not given in [141]. It is also evident from Figure 10a that these temperatures can be identified with certain characteristic features in the ZFC data.   T p   can be associated with the temperature where the diamagnetic response is at its maximum value and full flux exclusion occurs, while   T u   represents the temperature where global diamagnetic screening disappears during warming. On the other hand, the FC   M / H  -data with in-plane field (□) exhibit a more complex but completely diamagnetic behavior, including a hysteresis depending upon whether the sample is being cooled or subsequently warmed through the superconducting transition.
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Figure 9. Phase diagram for the PME in bulk Nb disks, constructed using the characteristic temperatures   T 1  ,    T p  ,   and   T  c , onset   .   T 1   and   T p   are taken from both the warming (‘w’) and cooling (‘c’) data. Nb and Nb(N   2  ) represent data from pure Nb and nitrogen-loaded Nb of ref. [148]. The inset shows a schematic phase diagram including surface superconductivity as described by    H  c 3    ( T )    and the flux flow region described by the irreversibility field    H irr   ( T )   . The green arrow indicates where FC-C and FC-W measurements are crossing the phase diagram. 
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Figure 10. PME on Nb disks with perpendicular or parallel magnetic field. (a).   M / H   recorded in ZFC and FC modes with the magnetic field applied parallel (□) and perpendicular (•) to the Nb disk. The dashed vertical lines indicate the temperatures    T u  ≤  T 1    and   T p  ; see text. Reprinted with permission from ref. [141]. (b). PME on a Nb disk with the applied magnetic field parallel to the sample surface, measured in the year 2023 in Nancy using a QD PPMS-VSM system [145]. The lines serve as guides for the eye. 
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Figure 10b presents QD PPMS-VSM [145] measurements performed in Nancy on a rectangular Nb disk stemming from sheet DS4D with the magnetic field applied parallel to the sample surface. Fields in the range between 1 mT and 100 mT were applied. For fields up to 10 mT applied parallel to the sample surface, we observe a positive (paramagnetic) response, which changes into completely diamagnetic signals on further increase in the applied field. Note here also the shift of   T c   towards lower values when increasing the applied field. This observation clearly shows that PME is also possible in the configuration   H ‖   sample surface.




3.3. Magnetization Loops Close to the Superconducting Transition


In order to gain more information about the physical origin of this additional paramagnetic moment, we performed detailed magnetization hysteresis loop (MHL) measurements in three distinct temperature ranges. MHLs of samples exhibiting the PME were rarely investigated in the literature on both Nb and HTSc materials. Kötzler et al. [22] showed some virgin magnetization curves of their Bi-2212 samples, and Thompson et al. [31] have presented an MHL on Nb. The MHL presented in ref. [31] showed a quite specific nearly parallelogram-like shape but there was no detailed analysis nor discussion of this feature. Thus, we take here the opportunity to present a detailed experimental analysis of the MHLs measured on Nb samples exhibiting the PME and a correlation of these results to the widely used PME measurements of magnetic moment at constant magnetic field while the temperature changes.



Figure 11a shows MHLs measured in Detroit on one of the Nb disk samples at temperatures between 8.96 and 9.08 K. These are “archetypal” MHLs of a type II superconductor with the shape given by the field-dependent superconducting currents induced in the sample and vortex pinning in this material. Note here the well-developed central peak located at slightly negative values, but close to zero field as is expected from a bulk, superconducting sample [149,150]. Also shown are the corresponding virgin curves (i.e., the magnetization curves measured when the magnetic field was first applied to the sample after cooling in zero field). The joining of the virgin curve with the main MHL is marked as “A”. All the MHLs presented in Figure 11a were measured in the standard operation mode of the QD MPMS SQUID magnetometer with scan length below 1 cm. In contrast, the MHLs in the transition region between 9.00 K and 9.20 K were measured with temperature steps of 0.01 K using the stationary sample technique. At at field of ∼1 mT, there is still a finite induced magnetic moment and when the direction of the field ramping is reversed, one obtains the so-called “reverse leg” of the MHL given by the process of reversing the induced currents in the sample. This process is qualitatively similar to the process when the virgin curve merges the full MHL.



Figure 11b shows MHLs taken at elevated temperatures in the range 9.05 to 9.10 K, i.e., around the characteristic temperature,   T p  . While the MHLs measured at 9.00 K and 9.04 K look again more like “archetypal” MHLs, the MHL measured at 9.08 K has apparently a different shape with no clear maximum near to zero field. Even for the MHLs measured at 9.00 K and 9.04 K, one should note that the virgin curves are straight with a very sharp turn when they merge the full MHL (see the area marked as “B” in Figure 11b). All these curves develop a more parallelogram-like shape without any low-field maximum. Note also that the slope of the virgin curve changes between 9.05 K and 9.06 K. There is furthermore a significant change in the shape of the reverse legs of the MHLs. Along with this change, the slope of the reverse leg also changes to being steeper at temperatures below 9.05 K (see also the analysis shown in Figure 13 below).



Below   T p  , the MHL increases significantly and acquires an archetypal shape of MHL loop of a bulk superconductor with maximum close to    B ext  ≈   0.



Figure 12a shows MHLs in the very interesting temperature range between 9.07 and 9.14 K, i.e., between    T 1  ≈   9.16 K and    T p  ≈   9.05 K. MHLs at these temperatures are found to exhibit several distinct features that probably have the same physical origin as the appearance of the paramagnetic moment during field-cooling in small applied fields. The MHLs have the shape of a nearly regular parallelogram with all turning points being sharp. Note that the reverse legs are entirely linear, all the turning points are quite sharp, and the size of the parallelograms increases with decreasing temperature. Furthermore, the shape of the initial magnetization curve (virgin curve, abbreviated VC) is very linear and then abruptly merges with the nearly field-independent MHL (see Figure 12b). These features cannot be explained by magnetic flux gradually penetrating the superconducting sample, governed by vortex pinning when the field is changed.
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Figure 12. Further details on the MHLs measured close to   T c  . (a) MHLs in the temperature range 9.07   ≤ T ≤   9.14 K. (b) The virgin curves (VCs) of the MHLs in the temperature range 9.07   ≤ T ≤   9.14 K. The VCs are linear and join the MHLs quite abruptly. (c) The reverse legs of the MHLs 9.05   ≤ T ≤   9.12 K. All reverse legs are linear and the ends are quite sharp, i.e., hardly rounded off. 
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Here it is important to mention again that all MHLs at temperatures close to the transition temperature were determined from the SQUID voltage change generated by the stationary sample. This method is very “safe” as it eliminates spurious signals that may be generated when the sample is moving during the measurement. However, this method cannot be used at higher fields and consequently at lower temperatures where the induced moments are large and we cannot measure anything but reversible screening currents. Fortunately, at lower temperatures we can use the conventional measurement of the magnetic moments in the point-by-point method with the sample moving (the scan length should be as short as possible) over a distance in a magnetic field generated by the build-in superconducting magnet. At lower temperatures, the induced magnetic moment is quite large and so, the possible spurious signals due to moment motion are relatively small.



Figure 12b shows more details of the virgin curves of the MHLs measured after cooling down in zero field. The slope   S = d m / d  H ext    of virgin curves recorded at   T =   9.06 K and above is remarkably lower (by about 20%) as compared to the slope of all virgin curves recorded at   T =   9.05 K and below. The major change of the virgin curve slope takes place just below   T p   where a remarkable change in the shape of the MHLs also takes place. Additionally, the slope S of the initial curves changes below   T p   with the magnitude and temperature dependence of this change corresponding to the step observed in the zero field-cooled susceptibility curves [25]. At the temperature   T p   the VC shape also changes. Below   T p  , the VC bends when approaching the MHL, indicating gradual penetration of magnetic flux into the sample.



Finally, Figure 12c illustrates the field reversal on the MHLs at temperatures from 9.05 to 9.12 K. In this temperature range, one can see very straight reversal legs with very sharp and regular turning points at the MHL at field reversal. This behavior is again a very important characteristic feature of the bulk Nb disks, closely related to the presence of the PME.



Figure 13 shows the temperature dependence of the magnitude of MHL (i.e., the maximum induced magnetic moment,    m max   ( T )   ).    m max   ( T )    is nearly linear below the temperature   ≈  T p    going sharply towards zero at about 9.065 K, as indicated by a dashed line (🞍 🞍 🞍 🞍 🞍). The inset to Figure 13 presents the same analysis for the temperature range 8.7   ≤ T ≤   9.0 K, i.e., the range where the “normal” MHL shape is found. The slope obtained here and the slope of the magenta dashed line in the main panel are the same. However, above 9.06 K,    m max   ( T )    abruptly changes the slope and decreases, again nearly linearly, but with a slope being about one order of magnitude smaller, as indicated by the dashed green line (🞍 🞍 🞍 🞍 🞍). Thus, in the temperature range    T p  ≤  T c   , the PME-MHLs are visible, giving an indication of the giant vortex state.



It is obvious from this graph that the    m max   ( T )    dependence can be formally separated into two components, one (we will call this component “C”) that goes sharply to zero at   T =   9.06 K   ≈  T p   , and another component (we will call this component “P”) that has a much weaker temperature dependence. The component P is not “visible” at temperatures below   T p  , where the P component is overwhelmed by the larger C component and the magnetic moment is given primarily by the dominant component C, which describes the classic situation of flux pinning of Abrikosov vortices. The situation changes below the characteristic temperature,   T p  , where the magnetic moment from the component C is (practically) zero and the    m max   ( T )   -dependence is entirely given by the component P that diminishes only at temperatures close to   T 1   or higher.
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Figure 13. Evaluated details of the hysteresis measurements. The graph gives the MHL magnitude (maximum induced magnetic moment) as a function of temperature. The blue datapoints (•) give the data obtained from the MHLs; the black crosses (+) represent the data from a second run. The slope from the archtypal MHLs as shown in the inset (⚊) and the slope of the component C in the main panel (🞍 🞍 🞍 🞍 🞍 ) are the same. It is obvious from this graph that at   T p   an abrupt change in the MHL shape takes place, and the normal flux pinning vanishes. At   T >   9.06 K, the component P is measured follwing a completely different slope (🞍 🞍 🞍 🞍 🞍). 
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Considering both the shape and character of MHLs at various temperatures, and also the FC and ZFC curves studied in detail in refs. [25,139,140], we can attribute the component C to the conventional behavior of a type-II superconductor, where induced currents are governed primarily by vortex pinning. The origin of the component P is still not fully understood. This component is obvious only above   T p  , where the C component diminishes to zero, but the character of the    m max   ( T )   -dependence indicates that the P component is present in the sample also at temperatures below   T p  . We thus believe that the component P of the induced magnetic moment is responsible for specific superconducting behavior of Niobium below the transition temperature including (but not limited to) the appearance of that positive magnetic moment when the sample is cooled in small applied magnetic fields (i.e., the Paramagnetic Meissner effect).




3.4. Manipulating the PME


To investigate the influence of the sample surfaces on the PME, several experiments were performed in Detroit: (i) the surfaces of the Nb disks were abraded (thereby the sample thickness was reduced by about 10%), and (ii) the sample edges were treated using sandpaper. Sanding off the edges of the sample did not lead to a change in the PME characteristics, so these data are not shown here. In contrast, abrading the sample surface (sample Nb2) was found to have a significant effect on the PME of the Nb disks as illustrated in Figure 14a–d. DC magnetic fields of 2 mT (a,b), 20 mT (c), and 60 T (d) were applied. The as-prepared sample (red datapoints, sample Nb1) exhibits all the features of the PME as discussed before, whereas the abraded sample does not show any signature of the PME at any applied field. Note also when defining   T  c , onset    as the temperature of the onset of a diamagnetic moment on the cooling curve (FC-C) and disappearance of the moment on the warming curve (FC-W), the abraded sample Nb2 exhibits a   T  c , onset   , which is about 0.05 K higher than that of the Nb disk with PME (sample Nb1).



Thompson et al. [32] demonstrated that ion implantation into the sample surface area can create the PME in a sample which did not show the PME prior to irradiation. Since these Nb superconducting samples exhibiting the PME have a surface microstructure containing defects, which are known to increase the critical current density, it is reasonable to expect that introducing defects through ion implantation, e.g., might enhance or even create the PME in other Nb disks. For the Kr-ion bombardment, disks of 6.4 mm diameter were punched from an untreated, cold-rolled, 0.25 mm thick sheet of niobium (99.8% purity, Johnson-Matthey) as well as from a 6.45 cm   2   (1 in   2  ) section of the same sheet that had both sides ion implanted with 200 keV Kr ions at a dose of 6 × 10   16  /cm   2  . During the following magnetic measurements in the SQUID system in Detroit, the samples were kept stationary. The result of this procedure is presented in Figure 15a,b. From these figures, it is very clear that the PME can be induced in Nb disks by implanting Kr ions to a depth of about 120 nm below the surfaces of the disks. Enhancing the   T c   variation and the effective pinning strength from existing surface defects which result from the ion bombardment are important factors in the development of the PME. By creating a surface defect structure with greater relative depth into the thicker Nb disks, these lower-  T c   regions serve as more effective pinning sites which produce inhomogeneous field variations whose temperature dependences could result in the PME’s characteristic behavior. In order to further our understanding of the effect that the ion implanting has upon the magnetization characteristics, one should note that the Kr ions penetrate uniformly to a depth of 40 nm below the surface and then the concentration drops off to a negligible value beyond 120 nm. Thus the observed magnetic behavior is strongly affected by just the first 120 nm below the two surfaces of the disks. Clearly the ion bombardment has created an inhomogeneous superconducting sample with a   T c   variation as evidenced by the appearance of a second diamagnetic transition at 9.07 K. It is known, e.g., that the   T c   of Nb is easily reduced by oxidation and strains. Furthermore, Halbritter [151] has shown that an enhanced oxidation is promoted around defects and serrations on the Nb surfaces so that the defect regions can extend down to several microns below the surface. Consequently, it is plausible that the Kr ions have the greatest impact on these regions by reducing the   T c   and extending their depth below the surface. Secondly, the ion implanting has produced sites with extremely strong flux pinning as indicated by the narrowing of the ZFC   M / H   transition width of the largest diamagnetic change. The inducing of PME through ion implantation on a sample which previously did not exhibit PME signatures helps further the understanding of PME.




3.5. Time Evolution of PME in Nb


In Figure 16a, we show the evolution of the superconducting transitions measured on the same sample (round disk punched from the original Nb sheet, sample Nb002) in the timeframe from 1997 to 2023. The first measurements on this disk were carried out in Detroit using the stationary sample technique in 1997 (see Figure 16a). The sample was then carried to Tokyo (SRL/ISTEC, Div. 3) and the measurements were repeated in the summer of 1999 using a 5T-SQUID with ultra-low field option (Figure 16b). Finally, the sample was carried to Europe and remeasured at IJL Nancy using a QD SQUID MPMS3 with VSM and AC options (Figure 16c). In Figure 16d, a comparison of the characteristic temperatures   T 1  ,   T p  , and   T  c FC    (i.e.,   T c   obtained from FC data) is shown. It is remarkable to see that the surface structure of this Nb disk is so stable that all the major elements of the PME transitions are repeated, even though the sample was carried only in a simple plastic box together with some silica gel [152].




3.6. Ac Susceptibility Measurements on Nb Disks


The PME was observed using AC susceptibility on HTSc Bi-2212 [16,24], and much later by Ge et al. [37] on ZrB   12   crystals. The signatures, which indicate the presence of PME, are completely different for the HTSc and the conventional superconductors, as for the HTSc PME is revealed by a strong frequency dependence on the left (low-T) side of the loss peak in   χ  ″    (measured frequencies,   f =   17 mHz up to 1.7 kHz) as well as a dependence on the AC field amplitudes (   h ac  =   0.4–12  μ T), showing a linear response [24]. To analyze the data for the influence of flux creep effects, the higher harmonics were analyzed in [16]. In the case of ZrB   12   [37], an anomalous positive peak is seen in the   χ ′  -data (  f =   333 Hz,    h ac  =   0.1 mT), and no frequency dependence of the loss peak in   χ  ″    was reported. The positive peak in   χ ′   was termed diffraction paramagnetic effect (DPE), and enabled the determination of   T c surface   as well as the onset of diamagnetic response,   T irr   (see also Figure 23 below).



Measurements of the AC susceptibility were performed in Nancy using the AC-option of the MPMS3 SQUID system [145] to obtain further information on the details of the superconducting transition of the Nb disks from Detroit (see Figure 17a–d). These experiments were carried out after ensuring the PME effect in the Nb disks by DC SQUID measurements. Figure 17a gives details of the recorded superconducting transition (  χ ′  ,   χ  ″   ) recorded in a DC field of 1 mT, an AC amplitude of 0.1 mT, and a frequency of 1 Hz. The full lines (⚊ and ⚊) indicate data recording during cooling (sample cooled down to 8.6 K), and the corresponding dashed lines (🞍 🞍 🞍 and 🞍 🞍 🞍) give the data for warming. A tiny positive signal is obtained for   χ ′   recorded during cooling, similar to the case of ZrB   12  . Increasing the AC frequency to 10 Hz makes the positive peak vanish, as shown in Figure 17b.



In Figure 17c, the frequency dependence of   χ  ″    at a DC field of 1 mT and an AC amplitude of 1 mT is shown. All data were recorded during cooling and warming. There are only small differences seen at the high-T side of the loss peak, and the peak height increases upon an increase in the frequency. However, at 1 Hz there is a strong difference between cooling and warming modes. On cooling, the same path as for the higher frequencies is followed (  T peak  ∼9.05 K), but on warming, the peak is shifted to about 9.17 K and a characteristic shoulder at the low-T side appears. We must note here that the measurement during cooling was carried out with a sweep rate of 72 mK/min, whereas the warming was measured with a rate of 30 mK/min, so this may have an influence on this observation. On the other hand, this was done in all the measurements and the entire measurement run was repeated three times, but only the data recorded with an AC amplitude of 1 mT and at a frequency of 1 Hz showed this behavior. The higher position of the loss peak recorded during warming falls directly in the region between the two characteristic temperatures   T p   and   T 1  , so this loss peak may have directly to do with the formation of a giant vortex state. We also must note here that there is also a hysteresis in the   c h i  -data (not shown here). This requires further investigation. Figure 17d gives the frequency dependence of the AC loss peak taken at a DC field of 5 mT and an AC amplitude of 0.1 mT. The data taken at 1000 Hz obviously suffer from a skin effect at the metallic surface. No trace from PME (positive moment) is visible in all the curves. Thus, we may summarize these AC experiments by saying that traces of PME in Nb disks can only be observed at low frequencies (1 Hz) and small applied DC fields (1 mT) and AC amplitudes (1 mT). These observations demonstrate the presence of PME signatures also in the AC susceptibility measurements, and the signatures are present in both the real and imaginary part of the susceptibility.





4. Magnetic Imaging


Several different imaging techniques were already applied to superconductors exhibiting PME; among them are magneto-optic imaging [8,153,154], the scanning SQUID technique [155,156], the imaging using color centers in diamond [157,158], and low-energy muon spin spectroscopy (LE- μ SR) [108].



We will start the discussion with the scanning SQUID experiments performed by Kirtley et al. [112] on HTSc Bi-2212 samples. Figure 18a–f present the spatial distribution of magnetic flux in and around the HTSc sample. The grey contrast scale is chosen so that white corresponds to the largest and black to the smallest (often negative) flux value. In all cases the flux is plotted relative to the flux introduced by the external field, which sets the grey level outside the sample. One overall feature, which is observable by the human eye, is the difference between the paramagnetic magnetization (i.e., the sample is brighter than the background) at weak applied magnetic fields, and a diamagnetic signal (i.e., the sample is darker than the background), in the pickup loop at strong applied magnetic fields. For weak external magnetic fields the inhomogeneity of the magnetic flux is clearly visible and gives rise to a broad distribution of the local fluxes as the sample is a polycrystalline bulk. Here, it must be noted that all images were taken at   T =   4.2 K (allowing the performance of the SQUID loop in the same condition as the sample). The sample was cooled through   T c   with the external magnetic field applied, and the field was still on when reaching 4.2 K. Thus, in this form of the scanning SQUID technique, measurements in the very interesting region around   T c   cannot be performed. Nevertheless, the images obtained nicely reproduce the situation shown in Figure 1b, where the fields smaller than 30  μ T (0.3 G) produce a positive   m ( T )  , and fields of 100  μ T (1 G) and 300  μ T (3 G) yield a diamagnetic signal. The authors of [112] claim that the images provide direct evidence for spontaneous orbital currents, but it is not possible to determine the origin of such orbital currents from the images. An attempt to repeat the same scanning SQUID experiment on the Nb disks from Detroit is represented in Figure 18g,h. Figure 18g gives the result obtained at   T =   4.2 K when field-cooling the sample (abraded Nb disk without PME) in a field of ∼0.16  μ T (1.6 mG). The image shows many vortices (white and black colors denote vortices of opposite direction), which are quite well-separated from each other (annihilation effects). In contrast, the same image of a Nb disk with PME (h) taken at ∼0.28  μ T (2.8 mG) reveals a much larger number of vortices being present within the image frame, and also the number of black vortices is much higher than the number of white vortices. Furthermore, there is a field gradient from left to right, but the two types of vortices are not so well separated as in (g). Hence, the scanning SQUID technique can produce very interesting images of the vortex distribution, but the temperature limitation to 4.2 K does not allow an observation of the giant vortex state around   T p  , i.e., close to   T c  .



The flux compression effects and the giant vortex state would be interesting objects to be directly observed by magnetic imaging methods. However, there are two main problems: the required high field sensitivity and the low temperatures of the superconducting transition of Pb and Nb. For magneto-optic imaging [8,153,154], the spatial sensitivity depends on the distance of the indicator layer to the sample surface, and as the sample surface cannot be treated by polishing, the resulting distance is quite large, thus leading to reduced spatial resolution. This also affects the field sensitvity, which must be quite high to resolve single flux quanta. The temperature problem, which is often seen in magneto-optic cryostat systems operating with a helium gas stream, is nowadays nicely overcome by optical cryostats being cryocooled, which enable even lower temperatures to be reached while the sample is illuminated [159]. After ensuring the presence of the PME on the Nb disks in Nancy, we also performed magneto-optic imaging in Liège (group of Prof. Silhanek, [160]). Figure 19a,b present the MO imaging results on a Nb square cut from the original Nb sheet. The applied magnetc field is 5 mT, which was kept on during the temperature sweep from 10 K to about 8 K. Figure 19a gives the MO image, where the outer edge indicates the edges of the MO indicator film, and the inner L-shape indicates the edges of the Nb sample. Figure 19b gives the recorded flux in the two yellow boxes (I   out  , I   in  ) as shown in (a). It is obvious that the flux profiles do not reveal an intensity difference between the area inside and outside of the sample, which would indicate trapped flux in the sample. This implies that the available field sensitivity is not high enough to reveal a signature of a giant vortex state. Thus, further new experiments on Nb samples are required to finally ”see” a trace of the giant vortex state. In contrast, Vlasko-Vlasov et al. [161] have imaged a paramagnetic state when field-cooling a RbEuFe   4  As   4   sample below the magnetic transition point. The measurements resemble the PME; however, in contrast to the PME close to   T c  , the magnetic transition is here far below   T c   and the applied magnetic fields are much higher (20 mT and more) as well.



Another interesting experiment was carried out by Nusran et al. [162] (Figure 20) employing the non-invasive magnetic field sensing using optically detected magnetic resonance of nitrogen-vacancy centers in diamond, short NV magnetometry. The experimental apparatus incorporates a confocal microscope optimized for NV fluorescence detection. The fluorescence is stimulated by the green off-resonant 532 nm laser excitation and low-energy levels are populated by the microwave radiation applied using a single silver wire loop antenna coupled to an MW frequency generator. A thin diamond plate with an ensemble of NV centers embedded near the surface (∼20 nm depth) is used as the magneto-optical sensor. The spatial resolution of the sensor is determined by the effective size of the probe, which is essentially a convolution of the focal volume with the NV distribution in the diamond plate. This leads to a disk-like probing volume of thickness ≈20 nm and diameter ≈500 nm. A detailed review of the NV-centers and NV magnetometry can be found in refs. [157,158].



Figure 20a presents   m ( T )   measured on a Nb disk-shaped crystal using a Quantum Design MPMS SQUID system. Shown are the ZFC-W and FC-C curves measured for fields of 1 and 5 mT (10 and 50 Oe). Both curves reveal the PME, but no details of the superconducting transition as seen in Figure 5. Figure 20b presents recorded FC profiles of the magnetic induction for applied magnetic fields of 1.0, 1.2, and 5 mT (10, 12, and 50 Oe). Measurement was performed at   T =   4.2 K. The signatures of the paramagnetic Meissner effect (PME) are observed in various random regions for low magnetic fields. Cooling in 1 mT (10 Oe, red datapoints) and 1.2 mT (12 Oe, green datapoints) applied magnetic fields results in very similar profiles. The inset to (b) presents a temperature-resolved measurement in a 1 mT (10 Oe) magnetic field upon FC-C. The peak (P’) and valley positions (‘V’) of the inset are indicated by arrows in the main panel.



To investigate the Meissner effect in a superconductor/magnet system, the depth profile of the local magnetic susceptibility of a Au (27.5 nm)/Ho (4.5 nm)/Nb (150 nm) trilayer was measured by low-energy muon spin spectroscopy (LE- μ SR) [108]. The main idea of this experiment was to demonstrate an intrinsic paramagnetic Meissner effect, which was prediced for s-wave superconductors with broken time reversal symmetry as a result of an emergent, unconventional odd-frequency superconducting state, competing with conventional (i.e., even-frequency) superconductivity [102]. The antiferromagnetic rare-earth metal Ho breaks time-reversal symmetry of the pair correlations in Au and has a thickness that is comparable to the known coherence length for singlet pairs in Ho to ensure pair transmission into Au. The Au layer is necessary since a Meissner state cannot be probed by muons directly in a magnetic material due to their rapid depolarization in a strong magnetic field. (LE- μ SR) offers extreme sensitivity to magnetic fluctuations and spontaneous fields of less than 10  μ T (0.1 G) with a depth-resolved sensitivity of a few nanometers [163,164]. To probe the depth dependence of the Meissner response in Au/Ho/Nb by LE- μ SR, an external magnetic field (  B ext  ) is applied parallel to the sample plane and perpendicular to the muon initial spin polarization (oriented in the x-z plane). To investigate the paramagnetic Meissner effect, implantation energies in the 3–6 keV range were used to determine the     B →  loc   ( z )    profile in the Au layer. The overall recorded   T c   of the trilayer film is 8.52 K.



Figure 21a–d present the results from such an experiment performed at 5 K (a,b) and at 3 K (c,d). The data recorded at 10 K (i.e., above   T c  ) are shown by • and the magenta line corresponds well to the applied field of 101 G. The measurement at 3 K shows the most significant PME response within the Au layer. A conventional Meissner effect (i.e.,    B loc   ( z )  <  B loc   ( z )   ( 10  K )   ) is measured in Nb up to the interface with Ho, where the contribution of spin-singlet Cooper pairs to the screening supercurrent    J x   ( z )    is larger than that due to the long-ranged spin-triplet pairs. The PME is obtained in the Au layer (i.e.,    B loc   ( z )  >  B loc   ( z )   ( 10  K )   ), indicating a paramagnetic screening where    B loc   ( z )    appears nonmonotonic with depth (see the blue curves in Figure 21a,c).



The advantage of this technique is the high spatial resolution inside the trilayer structure, but requires the antiferromagnetic Ho layer to break time-reversal symmetry of the pair correlations in Au. The data clearly reveal the intrinsic PME within the Au layer, generated via the superconductor proximity effect. Thus, an intrinsic PME was observed in an s-wave superconducting sample, which is thus not related to the field-trapping/compression mechanism. As an outlook to future experiments, the authors of [108] state at the end of their paper that future experiments should explore ways to harness the magnetization generated by odd-frequency superconductivity in order to explore the potential for driving magnetization-reversal processes in the superconducting state [165].




5. Discussion


After the presentation of the various PME results obtained on a large variety of metallic superconductors, it is necessary to discuss the various models applied to explain the PME in these samples. The first model, the flux trapping/compression and the Giant Vortex state, explains the PME as an extrinsic feature, depending on the sample surface or local distribution of superconducting properties. This is in contrast to the other explanations ( π -junctions, odd-wave superconductivity) being intrinsic, i.e., a material property.



5.1. Flux Compression and Giant Vortex State


The most important model being applied to the PME of metallic superconductors is the flux trapping/compression [82] and the giant vortex state [85,86]. As shown by Koshelev [82], a kind of inhomogeneous cooling of a superconducting sample, i.e., when field-cooling a sample, vortices may be expulsed from the sample along the edges, and other flux is then trapped in the sample center. Continuous cooling then leads to a broadening of the flux-free regions and compresses the flux in the center even further by the vortex Nernst effect, as described by Huebener [5]. The same picture would apply if the sample surfaces have a higher   T c   than the remaining bulk of the sample. Such situations may be realized by specific sample surfaces, e.g., due to oxidation effects [151].



Based on a numerical, self-consistent solution of the Ginzburg–Landau equations for a fixed orbital quantum number L, Moshchalkov et al. [85,86] proposed that the PME arises from the flux compression with integral number of quantum flux   L  Φ 0   , where   Φ 0   denotes the flux quantum, trapped in the sample interior. This model refines the approach of Koshelev and adds the surface superconductivity, described by the third upper critical field,    H  c 3    ( T )   , into the model. When field-cooling a sample, one crosses the phase diagram (see, e.g., Figure 9 and 23 below) on a horizontal line at   H ≠ 0  . Thus, we come first through an area of surface superconductivity as    H  c 3    ( T )  >  H  c 2    ( T )   , before entering the region with Abrikosov vortices below    H  c 2    ( T )   . These vortices may form a liquid as the flux pinning sets in only below    H irr   ( T )   , the irreversibility field. This region may be small for the metallic superconductors, but it does exist especially at low T. For lower temperatures, the Shubnikov phase prevails as commonly described in the textbooks.



By studying the PME in mesoscopic superconducting Al and Nb disks, Geim et al. [62] gave a clear indication that the quantized flux trapped at the third critical field,   H  c 3   , is responsible for the PME, which further supports the theoretical predictions of refs. [85,86]. Thus, the flux compression mechanism seems to be more universal to explain the PME observed in both HTSc (here, the superconducting grains of polycrystalline sampes also form mesoscopic objects) and conventional superconductors (LTSc).



To explain the ideas in more detail, we assume now that inside a superconductor there are no pinning centers with the size comparable to the giant vortex core. In this case, a giant vortex state is stabilized only by the sample surface and this state is reversible as long as the orbital quantum number L is kept constant. However, as the temperature goes down, the multiquanta vortex state may decay rather quickly into Abrikosov vortices with   ϕ 0  , once the conservation of L is violated. As soon as the Abrikosov vortex lattice is formed at   T <  T sat   , flux pinning centers, which are relatively small in comparison to the giant core, can be very efficient to pin the   ϕ 0   vortices, thus leading to the onset of irreversibility. The irreversibility should then be considered as the consequence of the onset of the variation of L, initiating the crossover between the giant vortex state (  L =   const.) and the Abrikosov vortex state (  L =   1), which should occur around the    H  c 2    ( T )    line. Expressed differently, in superconducting samples, where the surface pinning plays the dominant role in stabilizing the giant vortex state, the irreversibility line    H irr   ( T )    seems to lie, in fact, quite close to the upper critical field    H  c 2    ( T )   .



By cooling down a superconductor in a fixed applied field (field-cooling mode), the    H  c 3    ( T )    boundary in the phase diagram (see Figure 9 and Figure 23) is crossed at a particular point, which corresponds to a certain orbital quantum number, L. Note here that the    H  c 3    ( T )   -line is not a homogeneous line, but cusplike according to L [85]. In the calculations performed in refs. [85,86], it was assumed that the orbital quantum number L, found according to the location of the crossing point between    H  c 3    ( T )    and   H =   const., is kept constant also below the    H  c 3    ( T )    line. The conservation of the orbital quantum number L in the superconducting state can result from pinning of the giant vortex state, corresponding to a ringlike superconducting order parameter nucleated at the sample boundary at    H  c 3    ( T )   . In this case, the sample boundary is the source for pinning the giant vortex state. The conserved value   L =   const. is determined by the applied magnetic field. If sufficiently small fields are applied, a state with   L =   1 (i.e.,   Φ =  Φ 0   ) can be realized. It also must be mentioned here that for   L =   5, the vortex core and the area, where additional field   b ( r )   is generated due to the flux compression, are considerably larger than for   L =   1.



As the temperature further decreases, the order parameter grows and pushes the magnetic field into the core. It can be clearly seen from the calculations of refs. [85,86] that for the trapped   L >  1 vortex, the field   b ( r )   is localized in the area where the superconducting order parameter is strongly reduced. This reflects a very general flux expulsion property of a superconductor which causes either normal diamagnetic Meissner effect with complete flux expulsion for the state   L =  0 without a core or flux compression (i.e., PME) in the vortex core for   L > 1  . Topologically,   L =   0 and   L <   0 states are qualitatively different, since for the latter, flux is expelled both inwards and outwards. When the former dominates, PME can appear.



Figure 22a plots the magnetic flux captured inside or expelled out of a Hall magnetometer of 2.5  μ m width at 0.4 K, due to the presence of superconducting disks (  Δ Φ = 〈 B 〉 − H = 4 π M  , ref. [166]). The two disks were fabricated simultaneously by thermal evaporation and differ only in their diameters. The strongly oscillating behavior clearly seen for the larger sample is due to size quantization. Each jump corresponds to a change in the number of vortices inside the disk, which can either form an array of single quantum vortices or assemble into a single giant vortex. The latter configuration is generally expected at applied magnetic fields between the second and third critical fields,    H  c 2   < H <  H  c 3    , that is, it corresponds to the surface superconductivity in a confined geometry. The smaller sample (□) does not exhibit the rapidly oscillating field dependence, and its Meissner response remains negative over the entire field interval. Such qualitatively different behavior can be related to the fact that, in the smaller sample, the superconductivity is suppressed by only ∼3 flux quanta,   ϕ 0  , entering the disk area, while ∼20   ϕ 0   are necessary to destroy superconductivity of the larger disk.



The observations of Figure 22a,b may seem to be in contrast to the various studies of the PME on macroscopic samples, where the PME was normally found in very low fields and gradually disappeared with increasing field. However, one should take into account that even the lowest fields in these experiments allowed many thousands of flux quanta inside the sample interior, which is in stark contrast to the mesoscopic samples. One can observe that, with decreasing thickness of the mesoscopic disks, the sign reversal of the Meissner effect tends to occur at lower fields and the magnitude of the PME becomes larger. In contrast, no qualitative difference in behavior is observed between disks of circular and square shapes.



The origin of the PME became evident [62] when comparing the field dependence of the Meissner effect discussed above with the magnetization response measured by sweeping the magnetic field at a constant temperature (abbreviated C-T regime). Instead of a single magnetization curve characteristic of macroscopic superconductors, the spatial confinement of a mesoscopic sample gives rise to an entire family of magnetization curves, which correspond to different vortex states. Several superconducting states can be realized at the same applied magnetic field (up to five such states, as can be seen in Figure 22b), but only the state with the most negative C-T magnetization is the thermodynamically stable one [167,168]. All other states are metastable and become observable due to the presence of the surface barrier of the Bean–Livingston type [169]. The recent theory is in good agreement with similar C-T curves, as reported previously.



Figure 22b demonstrates that the paramagnetic states reached via field-cooling are all metastable. Indeed, the FC data predictably fall on the C-T curves because only these distributions of the order parameter are allowed by quantization. However, among all possible states at a given magnetic field, the system unexpectedly ‘chooses’ the metastable state with the most positive possible magnetization. Only if we remove the proper screening in the experimental setup can a metastable high-magnetization state eventually relax to the corresponding stable state on the lowest curve. The same result was obtained when the experiment was carried out in a more controllable manner by applying an oscillating magnetic field at a constant field, H. One can verify that, according to Figure 22b, an oscillating (fluctuating) field moves the system down the ladder of curves towards the equilibrium state. The following consideration may answer the question of how, when cooling down, the system can end up in the most thermodynamically unfavorable state. Superconducting states in a confined geometry can be characterized by a quantum number L, which corresponds to the number of nodes in the distribution of the complex order parameter  Ψ  along the sample circumference. For the case of a giant vortex and an array of single-quantum vortices, L has a simpler meaning. L then represents the angular momentum and the number of vortex cores, respectively. Transitions between the various states with different L are of first order and lead to (little) jumps in the magnetization data.



Close to the third critical field (i.e., the critical field of surface superconductivity),   H  c 3   , the magnetic field is distributed homogeneously and it requires the ‘high-temperature’ magnetic flux    Φ HT  ≈  Φ 0   ( L +  L  1 / 2   )   [170] to initiate a giant vortex state with the momentum L inside a superconducting disk of radius r. As the temperature decreases below the surface superconducting transition, the superconducting sheath at the disk perimeter rapidly expands inside, compressing the giant vortex into a small volume (see the inset to Figure 22b; here, the case   l ≪ r   is considered). The compressed flux inside a giant vortex is equal to    Φ 0  L  , that is,   Φ HT   is practically conserved for   L ≫ 1  . When, at   H  c 2   , the giant vortex splits up into L single-quantum vortices, the captured flux changes little. At this point, it must be taken into account that the magnetic field also penetrates at the disk boundary, giving rise to an additional flux through the disk of the order of   π r λ  H B   , where   H B   is the field strength in the  λ -layer at the surface. The magnetization response of the sample is paramagnetic as long as the low-temperature value of the total flux,    Φ LT  <  Φ 0  L + π r λ  H B   , is larger than   Φ HT  . For a superconducting cylinder,    H B  = H   and the PME appears at relatively large   L >   ( r / λ )  2    and its amplitude is rather small (  μ ≈ λ / r  ). The plate geometry significantly enhances the PME because the field   H B   is increased by demagnetization effects [82]. In case the central region of the sample is occupied by a vortex or vortices as small as the disk area, one can approximate    H B  ≈ H  ( r / t )   , where t denotes the sample thickness. This results in a paramagnetic response   μ ≈ λ / t  , which is considerable even for macroscopic thin disks. This result for  μ  can be directly compared with the result of Figure 8a, where    m shift  =   1.33 × 10    − 9    Am   2   (disk with   t =   0.127 mm) was obtained for the additional paramagnetic moment appearing. Furthermore, the plate geometry also leads to an earlier start of PME [62].



From these observations, it can be concluded that this persistence of L down to low temperatures is responsible for the PME. Thus, especially the various observations of the PME made on the Nb disks (i.e., the measurements of   m ( T )   and the special shape of the magnetic hysteresis loops,   m ( H )  ) can be effectively explained using the giant vortex model and flux compression.



Another interesting experiment in the literature considered the vortex state in the presence of the PME, which is still unclear. In the literature, it is reported that not all samples show PME, even with similar nominal composition. Furthermore, it was demonstrated that the PME disappears after abrading/polishing the surface of the sample or even can be created by irradiation, indicating that surface configurations, such as defects and pinning centers, do play an important role for the PME. Recently, a broad region of non-monotonic vortex interactions was discussed for multi-band and type-II/1 superconductors [171,172,173,174]. A giant PME may appear due to such non-monotonic vortex interactions, which may facilitate the trapping of magnetic flux [174]. As experimental evidence of PME in type-II/1 superconductors was lacking in the literature, Ge et al. [37] have studied the PME in a ZrB   12   single crystal. In this work, the authors have introduced the concept of fast and slow cooling of the samples, i.e., (i) fast (slow)-field cool-warming (F(S)FC-W): the sample was cooled with a large (small) cooling rate of 5 K min    − 1    (0.03 K min    − 1   ) to the required temperature under a magnetic field of H, then the magnetization was measured with increasing temperature; (ii) slow-field cool-cooling (SFC-C): the magnetization was measured with decreasing temperature at a rate of 0.03 K min    − 1    to the desired temperature under various magnetic fields; see also Figure 2e.



The fast cooling enabled the PME to be observed only when cooling down the sample at a sufficiently high cooling rate (5 K min    − 1   ). At the small cooling rate of 0.03 K min    − 1   , the extra flux trapped through surface superconductivity has enough time to escape from the sample interior due to flux diffusion, resulting in a stable and more ordered vortex state at low temperatures. This is another important aspect for many other observations of the PME, which must be considered in the planning of the experiments.



From their data obtained on the ZrB   12   crystal, the authors have constructed a phase diagram, where they have interpreted the   T  c , onset    as   T c surface  , and   T irr   as the onset of a diamagnetic response in the measurement of   χ ′  . The resulting phase diagram (Figure 23) shows all characteristic fields/temperatures for a sample exhibiting PME, and can directly be compared to Figure 9, showing the results of the bulk Nb disk. Thus, it is obvious that Nb and ZrB   12   share the same origin of the PME, but the vortex interactions of both materials are different.
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Figure 23. (a) Temperature dependence of the magnetization in the FFCW mode at 0.5 mT (5 Oe). (b) Phase diagram for the PME in FFCW mode. The third critical field   H  c 3    is defined from the onset of DPE in the in-phase ac susceptibility measurements;   H  c 2    is defined from the intersection of two linear fits of the   M ( T )   curves above and below the onset;   T  i r r    is derived as the onset of a diamagnetic signal on the in-phase ac susceptibility curve. The solid and dashed lines are plots of the empirical formula   H  ( T )  =  H 0    [ 1 −   ( T /  T c  )  2  ]  n   . The black crosses (‘×’) show the field locations where magnetic relaxation curves are measured (not shown here, Figure 6 of [37]). Image reproduced with permission from ref. [37]. 
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All these observations of PME in Nb, ZrB   12  , and the mesoscopic Al samples directly imply that the PME is not an ‘uncommon’ or ‘exotic’ feature, but fits fully into the picture of a superconducting material when the contribution of surface superconductivity as described by    H  c 3    ( T )  >  H  c 2    ( T )    is of significance. Furthermore, effects of demagnetization may play an important role for the observation of PME. It must be noted here that the flux trapping/compression effects may also apply to granular HTSc materials, where micrometer- or nanometer-sized grains exist together with an intergranular medium. This was also pointed out by Geim et al. [62].




5.2.  π -Junctions and d-Wave Superconductivity


This explanation of PME was only valid for granular HTSc materials such as Bi-2212, until Govindaraj et al. [107] came up with PME in boron-doped diamond film. If intergranular  π -junctions are present, spontaneous equilibrium supercurrents could emerge. Closed loops containing the odd number of  π -junctions will lead to spontaneous equilibrium supercurrents. It is important to mention here that the observation of a paramagnetic   m ( T )   signal is not sufficient to decide about the physical origin of the PME. This was also the main conclusion of the previous review by Li [97]. Thus, more dedicated experiments are required, such as microwave absorption or the measurements of flux noise by Magnusson et al. [114]. Here, the noise spectral density is related to the out-of-phase component of the AC susceptibility according to the fluctuation–dissipation theorem. The suppression of the magnetic-flux noise with the application of a weak magnetic field strongly favors a description in terms of large localized magnetic moments, which become polarized by the superimposed field. The estimated magnitude of the magnetic moments is in accordance with the expectations of a model based on  π -loops, where each loop can be associated with a magnetic flux approximately equal to    Φ 0  / 2  . On the other hand, an explanation of the PME based on flux trapping/compression cannot be ruled out even for the HTSc Bi-2212 polycrystalline samples, as the surfaces of the small, superconducting grains may have different superconducting properties and thus may enable flux trapping/compression effects.



In a recent contribution, Govindaraj et al. [107] studied electrical transport and magnetic properties of two different BDD thin films (electron density 1.4 resp. 2.6 × 10   21   cm    − 3   ) and found two magnetic effects at low magnetic fields (millitesla range), coexisting with superconductivity: (1) the Wohlleben effect or paramagnetic Meissner effect (PME) and (2) pressure-induced spin glass, such as an anomaly in low-field susceptibility. Here, we must note that the   m ( T )  -data recorded in this case are not really similar to the Bi-2212 data shown in Figure 1b (second panel), as there is no diamagnetic signal close to   T c  , and all   m ( T )  -curves recorded turn towards a diamagnetic signal for all applied fields when further cooling down the sample. The differences between the HTSc and Nb as discussed by Kirtley et al. [112] (Section 2.1) were also not observed. The resistance data on the same samples, also shown in [107], are found to increase prior to reaching   T c   for all fields up to 5 T. Govindaraj et al. thus claim that both effects (1) and (2) observed in their work imply the emergence of  π -junctions, which may be a plausible assumption for this type of material.



So, one can conclude here that the explanation of PME by spontaneus currents in  π -junctions is still alive, but more experimental data are still necessary.




5.3. Odd s-Wave Superconductivity


The odd s-wave superconductivity is only obtained in the combination of an s-wave superconducting material with a nonsuperconductor (e.g., Ag, Cu, Au) or with a ferromagnetic material. Cooper pairs may enter into the normal metal or the ferromagnet in a thin layer according to the proximity effect. The samples involved here are thin-film multilayers, and so the direct measurements of   m ( T )   or   m ( H )   do not reveal the details of the underlying physics. So, a specially designed magnetic imaging technique using low-energy muon spin spectroscopy (LE- μ SR) on Nb-Ho-Au trilayers was designed and carried out in [108]. In this experiment, the paramagnetic contribution was revealed within the Au-layer (superconductivity induced by the proximity effect; see Figure 21), which represents a direct proof that odd s-wave superconductivity provides a paramagnetic contribution.



Very recently, van Weerdenburg [175] showed that in ultrathin Al films (8.5 ML film) a paramagnetic contribution from odd s-wave superconductivity gives rise to an enhanced magnetic penetration depth and an enhanced vortex size due to the Meservey–Tedrow–Fulde (MTF) effect [176]. The vortex size was measured in this paper via   d I / d U  -maps in STM/STS, and no magnetization data were reported. However, this is the first experimental proof that odd s-wave superconductivity may also play a role for pure, superconducting materials when reaching the atomic limits.



It is obvious that odd s-wave superconductivity does not provide an explanation for the PME in the bulk or mesoscopic s-wave superconductors, but provides an unique way to design superconductor/ferromagnet structures for superconducting spintronics [165], which may have important consequences for such applications.





6. Conclusions and Outlook


To conclude, we have presented a review on the experimental data of PME observed on various metallic samples using either magnetometry, AC susceptibility, or various magnetic imaging techniques. Several different materials were found in the literature to exhibit the PME, and several different shapes of samples were involved; single crystals, polycrystalline bulks, nanowires and nanowire arrays, thin films, mesoscopic samples patterned from thin films, multilayers, and bulk wires (in the case of MgB   2  ) were studied. Among them, the bulk Nb disks, the Al and Nb mesoscopic films, and the ZrB   12   crystals were analyzed in detail to refine the flux compression and giant vortex state models. Thus, there are now well-defined theoretical explanations for most features of PME. However, not all features of the PME are fully understood. Hence, there is still room for more detailed measurements to further elucidate those partially understood features. With the development of new imaging techniques such as photoresponse imaging [177], new insights into the origin of PME may become possible.



The more recently discussed odd s-wave superconductivity in multilayer samples may bring up a paramagnetic Meissner effect, which offers an unique way to design superconductor/ferromagnet structures for superconducting spintronics.



Future work on PME will consider very thin films of metallic superconductors, where significant progress has been made to fabricate uniform atomic monolayer films of Pb, Nb, Al, V, and MgB   2   [175,178,179,180,181,182]. Giant PME may appear from non-monotonic vortex interactions as predicted in [174]. In addition, the fabrication of new superconducting polymorphs by nanostructuring [183] may open new ways to induce PME, and superconducting spintronics may develop new application possibilities. These all present interesting possibilities for PME in future work!
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Figure 1. Comparison of the experimentally observed PME effect in 3 different types of superconductors. (a) PME in a bulk Nb disk. In the upper graph, the recorded field-cool warming (FC-W) curves are given for small magnetic fields (5–966  μ T). The lower graph gives both FC-C and FC-W curves with the applied fields given alongside the respective curves. The arrows indicate the measurement direction. Note here the characteristic minima (  T 1  ) and maxima (  T p  ), which are visible up to the highest applied fields. Reprinted with permission from ref. [26]. (b) PME in an HTSc Bi-2212 polycrystalline, bulk sample. The upper plot shows the field-cool cooling (FC-C) data together with the zero-field cooling (ZFC) curves for several applied magnetic fields. The lower graph of (b) presents the transition region in more detail. Reprinted with permission from refs. [13,14]. (c) PME observed in an artificially granular HTSc YBCO thin film [109,110,111]; see the image of the sample in the upper graph. The lower graph gives the FC-W and ZFC curves obtained on this type of sample. Reprinted with permission from ref. [109]. 
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Figure 2. PME observed on various metallic superconducting samples I. (a) Rings of In-Sn, measured in FC and ZFC modes (applied field   H =   0.2 mT (2 Oe) with the field applied parallel and perpendicular to the sample surface (ZFC (⊥) •, ZFC (‖) 🞍 🞍 🞍 🞍 🞍, FC (⊥) ∘). The inset shows details of the superconducting transition. Reprinted with permission from ref. [49]. (b) Pb-films on PEEK, rolled up into cylinders. Data shown are FC curves in various applied fields (0.01–0.3 T). Graph redrawn from the data presented in ref. [50]. (c) Pb porous. FC and ZFC data are shown for various applied fields. The inset gives the standard measurement at low applied field. Reprinted with permission from ref. [33]. (d) Ta foil. Shown are the superconducting transitions at   H =   30 mT (300 Oe) and for 3 different angles (0   ∘  , 45   ∘  , and 90   ∘   of the field to the sample surface). Reprinted with permission from ref. [35]. (e) ZrB   12   crystals, measured at 0.1 mT (1 Oe), 0.5 mT (5 Oe), and 1.5 mT (15 Oe) applied field. The insets give details of the transition at 5  μ T (0.05 Oe) (FFC-W), 0.5 mT (5 Oe) (FFC-W and ZFC), and 5 mT (50 Oe) (SFC-C), where the F stands for ‘fast’ and S for ‘slow’. Reprinted with permission from ref. [37]. (f) Susceptibility of an Al mesoscopic disk (2.5  μ m dia, thickness 0.1  μ m) at applied fields of 0.9, 3.5, 4.0, 6.5, and 12 mT (9, 35, 40, 65, and 120 G). The last 4 curves were multiplied by a factor of 10. The authors point out that there is no hysteresis when cooling/warming. Reprinted with permission from ref. [62]. 
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Figure 3. PME observed on various metallic superconducting samples II. (a) Pb nanowire arrays. ZFC curves of a sample with   d =   40 nm for 5, 8, and 11 mT (50, 80, and 110 Oe). H is applied along the long axis of the wire. Reprinted with permission from ref. [53]. (b) 2H-NbSe   2   single crystals. H (‖a,b) = 5 mT (50 Oe). The   M ( T )   plots in the vicinity of   T c  . Paramagnetic signals are evident in all three modes (ZFC, FC-C, FC-W), and    T p  <  T c   . Reprinted with permission from ref. [41]. (c) Bi/Ni-bilayers. The FC results are measured in magnetic fields in the range ±5 mT (50 Oe).The signals from the Ni layer and the substrate are subtracted in all data shown. Reprinted with permission from ref. [59]. (d) MgB   2   polycrystalline bulk sample. FC magnetization curves at different applied fields. The PME is observable up to 25  μ T (250 mOe). Reprinted with permission from ref. [70]. (e) Superconductor/ferromagnet heterostructure V (40 nm)/Fe (1.1 nm). Temperature dependence of the magnetic moment around   T c   measured in different magnetic fields and cooling regimes (FC, ZFC). The inset shows the field dependence of the induced magnetic moment in the FC regime. Reprinted with permission from ref. [56]. (f) Sn   90  In   10   alloy in form of a cylinder with 3 different phases ( β -InSn,  γ -InSn,  β -Sn). The graph gives the FC curves for two samples annealed at 340 K and 380 K. Reprinted with permission from ref. [34]. 
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Figure 4. Comparison of   m ( H )   data achieved using the stationary sample technique versus the moving sample in standard SQUID. The data were measured in Detroit at a temperature   T =   9.08 K. (⚊) Conventional QD SQUID measurement with moving sample and field generated by the superconducting magnet. (⚊) The magnetic moment is evaluated directly from the SQUID voltage, whereas the field was generated by a copper coil. More details on such magnetization loops will be discussed in Section 3.3 below. (a) Comparison of hysteresis loops measured by the two methods, sample Nb1. (b) Comparison of the virgin curves and their merging to the main hysteresis loops, sample Nb1. 
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Figure 5. Details of   m ( T )   transitions measured on a punched Nb disk. Measurements performed in Detroit. (a). Superconducting transitions measured in small applied magnetic fields (10, 50, 100, 200  μ T) generated by the Cu coil (low-field option). The arrows indicate the direction of the measurement (FC-C and FC-W). The temperature   T p   is defined here as the temperature of the maximum m. The inset shows the definition of the temperature   T 1   as the lowest m recorded on the diamagnetic side. Figure reprinted with permission from ref. [139]. (b). FC-C and FC-W curves recorded to various lowest temperatures as indicated in the graph, ranging between 8.2 K and 8.9 K. The characteristic temperatures   T p   and   T 1   are indicated by red and blue arrows, respectively. The inset gives the details around   T 1  . 
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Figure 6. PME on a bulk Nb disk (from sheet D4S2, 127  μ m thick, 3.2 mm radius). (a) FC-C and FC-W curves on the Nb disk in various applied magnetic fields ranging between 1 and 15 mT. (b) Figure shows the FC-C and FC-W curves only at 1, 2, 6, and 12 mT for clarity. (c) High-field (20, 40, 60, 120, and 140 mT) FC-C and FC-W curves on the same Nb sample. Note that a paramagnetic peak is reached in the FC-C curves at   T  p c   , and the FC-W curves show a peak (  T  p w   ) and minimum (  T  1 w   ) in all applied magnetic fields.   T  p c    and   T  p w    correspond very well, whereas   T  1 c    and   T  1 w    show a distinct difference (see also Figure 9 below). 
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Figure 7. High-field measurements of the superconducting transition performed in Tokyo (sample Nb002) using a 7T-XL-SQUID [145]. The data were measured in FC-C (field-cooled cooling, filled symbols) and FC-W (field-cooled warming, open symbols) with a constant temperature sweep rate (  | d T / d t | =   0.01 K/min).   m ( T )   is always negative, but we must note here the characteristic steps on the FC-W curves indicating the PME. 
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Figure 8. Shifting the PME. The FCC and FCW measurements were perfomed at an applied field of    B ext  =   0.05 mT. (a) Temperature range 8.0   ≤ T ≤   9.3 K. The black (FC-C) and red (FC-W) curves are measured, and the green and blue curves are shifted by 13.3 × 10    − 9    Am   2   as indicated by the magenta arrow. (b) Detail of the superconducting transition around   T p  . 
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Figure 11. Magnetic measurements performed in Detroit on Nb disks with   H ⊥   sample surface. (a) MHLs on the Nb disk sample in the temperature range 8.96   ≤ T ≤   9.08 K. All MHLs exhibit the archetypal shape of a classical superconductor as found in the textbooks with a central peak close to 0 field, but at slightly negative values. (b) MHLs on the Nb disk sample close to   T c   in the temperature range 9.05   ≤ T ≤   9.10 K. The central peak is still visible in the 9.05 K run, but at the higher temperatures, this peak vanishes and the MHL assumes a parallogram-like shape. The areas marked ”A” and ”B” indicate the merging of the virgin curve with the main MHL. 






Figure 11. Magnetic measurements performed in Detroit on Nb disks with   H ⊥   sample surface. (a) MHLs on the Nb disk sample in the temperature range 8.96   ≤ T ≤   9.08 K. All MHLs exhibit the archetypal shape of a classical superconductor as found in the textbooks with a central peak close to 0 field, but at slightly negative values. (b) MHLs on the Nb disk sample close to   T c   in the temperature range 9.05   ≤ T ≤   9.10 K. The central peak is still visible in the 9.05 K run, but at the higher temperatures, this peak vanishes and the MHL assumes a parallogram-like shape. The areas marked ”A” and ”B” indicate the merging of the virgin curve with the main MHL.



[image: Metals 13 01140 g011]







[image: Metals 13 01140 g014 550] 





Figure 14. Abrading the surface of the Nb disks. Two samples punched from the same Nb sheet were studied, Nb1 left as is, and Nb2 was mechanically abraded on both top and bottom surface (the sample amount was reduced by 10%). (a) FCC and FCW curves in an applied field of 2 mT. Sample Nb1 (as-prepared, ⚊), and sample Nb2 (abraded, ⚊). (b) Details around   T c   of the data shown in (a). (c) FCC and FCW curves in an applied field of 20 mT. (d) FCC and FCW curves in an applied field of 60 mT. The abraded sample does not show any feature of the PME at any temperature/field as compared to the as-prepared sample Nb1. 
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Figure 15. Ion implanting in Nb disks. (a) The zero-field-cooled lower and field-cooled-warming upper susceptibility data for an untreated Nb disk (punched from a 0.25 mm thick Nb sheet) with magnetic fields applied normal to the disk surface. (b) The hysteretic behavior between the field-cooled-cooling (solid symbols) and field-cooled-warming (open symbols) susceptibility data for an untreated Nb disk (circles) and an ion-implanted Nb disk (triangles) for a 50  μ T (500 mOe) field applied normal to the surface of the disk. Figure reproduced with permission from ref. [32]. 
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Figure 16. FC-C and FC-W measurements of   m ( T )   performed using the same sample (Nb002) in 3 places on Earth with more than 20 years’ difference between the experiments. (a) Original measurement in Detroit, 1997. SQUID with stationary sample. (b) Measurement performed at SRL/ISTEC, Tokyo, 1999, using a 5T-SQUID with ultra-low field option. (c) Measurement performed at IJL Nancy, 2019, using an MPMS3 SQUID system with small scan length. (d) Comparison of the Detroit and Nancy data concerning the characteristic temperatures   T 1  ,   T p  , and   T  c FC    (i.e.,   T c   obtained from FC data). 
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Figure 17. AC measurements on a Nb disk performed at IJL Nancy. (a) Measurement of the superconducting transition for 1 Hz, DC field 1 mT, AC amplitude 1 mT. The imaginary part,   χ  ″   , is given in red, and the real part   χ ′   in black. Data recorded on cooling are given by bold lines (⚊ and ⚊), and data recorded during warming by dashed lines (🞍 🞍 🞍, 🞍 🞍 🞍). The magenta arrow indicates a tiny positive signal in   χ ′   recorded when cooling the sample. (b) Same measurement with an AC frequency of 10 Hz. (c) Frequency dependence of the AC loss peak (DC field of 1 mT, AC amplitude 1 mT). The arrows point to the difference in cooling/warming of the data recorded for 1 Hz. (d) Frequency dependence of the AC loss peak (DC field of 5 mT, AC amplitude 0.1 mT). 
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Figure 18. Scanning SQUID microscope images. (a–f) present images of a granular Bi-2212 sample, cooled and imaged in various applied magnetic fields. Each image consists of 512 × 512 pixels, and each pixel represents a distance of 6  μ m. The individual images are labelled by the cooling field, and by the maximal range of variation of the flux (in units of the flux quantum,   Φ 0  ) in each case. The small rectangles indicate where profiles were taken in ref. [112], which are not shown here. All images were taken at   T =   4.2 K. (a) Cooling field 1  μ T (0.01 G), 0.21   Φ 0  . (b) Cooling field 3  μ T (0.03 G), 0.21   Φ 0  . (c) Cooling field 10  μ T (0.1 G), 0.21   Φ 0  . (d) Cooling field 30  μ T (0.3 G), 0.39   Φ 0  . (e) Cooling field 100  μ T (1 G), 1.65   Φ 0  . (f) Cooling field 300  μ T (3 G), 7.6   Φ 0  . (g,h) give images obtained on a Nb disk from Detroit at   T =   4.2 K. (g) Sample with no PME, applied field of ∼1.6  μ T (1.6 mG). (h) Sample with strong PME, applied field ∼2.8  μ T (2.8 mG). Images (a–f) reproduced with permission from ref. [112]; images (g,h) courtesy of J.R. Kirtley. 
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Figure 19. MO images obtained at University of Liège of a Nb disk from Detroit. (a) The MO image at   H =   5 mT applied field, and the temperature is swept from 10 K to about 8 K. The top L-shape indicates the MO indicator film; the inner L-shape represents the sample edges. (b) Profiles taken in the two yellow rectangles (I   out  , I   in  ) marked in (a). The black curves are for I   out  , and the red curves for I   in  . These data reveal no visible difference in the recorded intensities. 
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Figure 20. Diamond center imaging by AMES on a Nb sample with PME. (a) Temperature-dependent total magnetic moment measured using Quantum Design MPMS. Shown are ZFC-W and FC-C curves measured in Nb. (b) FC profiles of the magnetic induction for applied magnetic fields of 1.0, 1.2, and 5 mT (10, 12, and 50 Oe) recorded for a Nb disk-shaped crystal. Measurement performed at   T =   4.2 K. The signatures of the paramagnetic Meissner effect (PME) are observed in various random regions for low magnetic fields. Cooling in 1 mT (10 Oe, red datapoints) and 1.2 mT (12 Oe, green datapoints) applied magnetic fields results in very similar profiles. The inset to (b) presents a temperature-resolved measurement in a 1 mT (10 Oe) magnetic field upon FC-C. The peak (‘P’) and valley positions (‘V’) of the inset are indicated by arrows in the main panel. Image reproduced with permission from ref. [162]. 
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Figure 21. Average local magnetic field in Au/Ho/Nb trilayers as function of the muon implantation energy (bottom x-axis) and the mean stopping distance (top x-axis). (a)    B loc   ( z )    values obtained from single-energy asymmetry fits plotted versus implantation energy and mean stopping distance in the normal state (•,   T =   10 K) and the superconducting state (•,   T =   5 K). The continuous (magenta, blue) lines are guides to the eye. The different materials (Au (yellow), Ho (red) and Nb (greyish blue)) are shown on top of the graph. Note here that in the Nb-layer,    B loc   ( z )    is always below the 10 K data (i.e., Nb shows conventional Meissner effect) and    B loc   ( z )    in Au is above the 10 K data (i.e., there is a paramagnetic response). (b) Magnification of the grey area marked in (a), revealing clearly the paramagnetic signal in the Au layer. (c) Same measurement as in (a). Data remeasured after warm up and subsequent cooling down, but   T =   3 K. (d) Magnification of the grey area marked in (a). It is obvious that    B loc   ( z )    in the Au layer is more positive at lower T. Image reproduced with permission from ref. [108]. 
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Figure 22. Magnetic susceptibility,  χ , of mesoscopic Al disks; see also Figure 2f. (a) Field dependence of the Meissner response for an Al disk with 1.0  μ m diameter (□) and for one with 2.5  μ m diameter (•). The thickness is 0.1  μ m for both disks. The strongly oscillating behavior clearly seen (the dashed line is a guide to the eye) for the larger sample is due to size quantization. Each jump corresponds to a change in the number of vortices inside the disk, which can either form an array of single quantum vortices or assemble into a single giant vortex. The inset to (a) compares the field-cooling (FC) and zero-field-cooling (ZFC) magnetization for the 2.5 mm disk at the field where the paramagnetic response is close to its maximum value. The ZFC response is always diamagnetic, and the jumps in the ZFC curve correspond to the entry of individual vortices into the disk interior. (b) Comparison of the magnetization states reached by cooling in a field and by sweeping the field at a constant temperature (arrows) at   T =   0.4 K. The field-cooling (FC-C) data shown by □ are for the 2.5  μ m disk shown in (a). The filled boxes (■) indicate the low-temperature states, as shown in the inset to (a), ZFC and FC. The inset to (b) illustrates the compression of a giant vortex (T, close to but below   T c  ) into a smaller volume (T, further away from   T c  ) which enables extra flux to enter the sample at the surface. Image reproduced with permission from ref. [62]. 
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Table 2. Summary of the Nb disk samples measured in Detroit. Given are the sample names, their origin, some comments, the sample dimensions, and the measured data for   T  c , onset   ,   T p  , and   T 1  .
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	sample
	Nb1
	Nb2
	Nb3
	Nb4



	sample origin
	D4S2
	D2S2
	D10S2-1
	DI08-1



	Comment
	“basic”
	abraded
	edge sand
	implanted



	PME
	yes
	no
	yes
	yes



	radius r (mm)
	3.2
	3.2
	3.2
	3.2



	thickness t ( μ m)
	127
	∼110
	127
	250



	  T  c , onset    (K)
	9.20
	9.26
	9.24
	9.28



	  T 1   (K)
	9.15
	n/a
	9.24
	9.17 (5)



	  T p   (K)
	9.05 (5)
	n/a
	9.06 (5)
	9.08
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