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Abstract

:

We report rf-penetration depth measurements of the quasi-2D organic superconductor    β ″   -(BEDT-TTF)   2  [(H   2  O)(NH   4  )   2  Cr(C   2  O   4  )   3  ]·18-crown-6, which has the largest separation between consecutive conduction layers of any 2D organic metal with a single packing motif. Using a contactless tunnel diode oscillator measurement technique, we show the zero-field cooling dependence and field sweeps up to 28 T oriented at various angles with respect to the crystal conduction planes. When oriented parallel to the layers, the upper critical field,    H  c 2   = 7.6   T, which is the calculated paramagnetic limit for this material. No signs of inhomogeneous superconductivity are seen, despite previous predictions. When oriented perpendicular to the layers, Shubnikov–de Haas oscillations are seen as low as 6 T, and from these we calculate Fermi surface parameters such as the superconducting coherence length and Dingle temperature. One remarkable result from our data is the high anisotropy of   H  c 2    in the parallel and perpendicular directions, due to an abnormally low    H  c 2 ⊥   = 0.4   T. Such high anisotropy is rare in other organics and the origin of the smaller   H  c 2 ⊥    may be a consequence of a lower effective mass.
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1. Introduction


Many crystalline organic conductors are highly anisotropic, consisting of alternating conducting cation layers and quasi-insulating anion layers [1,2,3]. The organic metal    β ″   -(BEDT-TTF)   2  [(H   2  O)(NH   4  )   2  Cr(C   2  O   4  )   3  ]·18-crown-6 (hereafter    β ″   (ET)Cr, for short) is a quasi-2D (Q2D) superconductor that has an extraordinarily wide anion layer spacing,   s = 27.38   Å [4], compared to other well-known organics such as  κ -(ET)   2  Cu(NCS)   2  , where   s = 15   Å [5]. Anisotropic metals, such as these Q2D crystals, tend to support many correlated electron states such as charge density waves, spin density waves, and superconductivity, because the constrained motion of the carriers enhances the electron–electron interactions. It is therefore useful to study these materials to learn about the origin and stability of correlated electron states. Although they tend to only support these correlated states at low temperatures, <10 K, they are generally electronically clean systems with long mean free paths, allowing the use of quantum oscillations to study the Fermi surface and learn about the detailed band structure, in addition to studying the correlated ground states [6]. Moreover, layered anisotropic superconductors can display a wide variety of anisotropic behaviours when subjected to external magnetic fields oriented at different angles with respect to the conducting planes, including highly anisotropic superconducting critical fields [7], inhomogeneous superconductivity [8], and novel vortex effects [9].



The wide anion layer spacing coupled with a reasonable superconducting critical temperature,   T c  , make    β ″   (ET)Cr a prime candidate to support the inhomogeneous superconducting FFLO state. Proposed independently in 1964 and 1965 by Fulde and Ferrell [10] and Larkin and Ovchinnikov [11], the FFLO state is an exotic superconducting state at high fields and low temperatures where superconductivity survives past the Clogston–Chandrasekhar paramagnetic limit,   H P  , where the Zeeman splitting energy would ordinarily overcome the binding energy of the Cooper pairs. In this state, the total momentum of the Cooper pairs is non-zero, and the superconducting order parameter is modulated. As a good approximation,    H P  =  2   Δ s  / g  μ B   , where   Δ s   is the superconducting energy gap, g is the Landé g-factor, and   μ B   is the Bohr magneton. For    β ″   (ET)Cr,    μ 0   H P  = 7.6   T [4]. In order to reach   H P  , however, the orbital destruction of superconductivity needs to be suppressed. For layered organics, magnetic flux lines can penetrate through the quasi-insulating anion layers when the field is aligned parallel to the conduction planes, suppressing the orbital destruction of superconductivity in the cation layers. The wide anion layer of    β ″   (ET)Cr should lead to a large Maki parameter    α M  =  2   H orb 0  /  H P   , where   H orb 0   is the orbital critical field in the parallel direction, thus favouring the paramagnetic destruction of Cooper pairs [12]. In this case, the FFLO state is favoured for superconductors in the clean limit.



A contactless tunnel diode oscillator measurement technique is used to measure the penetration depth,  λ , of the electromagnetic field into the sample. The penetration depth comes from the addition of two parts,   λ L   and   λ v  , the London penetration depth and the penetration depth due to motion of the vortices, respectively, following the equation


   λ 2  =  λ  L  2  +   B  Φ 0    4 π  k p    ,  



(1)




where B is the magnetic field,   Φ 0   is the quantum flux, and   k p   is the restoring force on the vortices [13]. In the data,   Δ f ∝ λ  , where a lower frequency corresponds to a smaller penetration depth, indicating better superconductivity. Similarly, a lower frequency corresponds to less movement of the vortices or a greater restoring force.



Previous temperature sweeps down to 1 K at constant external magnetic fields showed some signs pointing towards the FFLO state, but no confirmation was given [4]. In this article we show a zero-field cooling curve which confirms the previously reported   T c   of roughly 4 K. At a base temperature of 60 mK, we present B-field sweeps both parallel and perpendicular to the conduction layers of the sample. When oriented parallel to the layers, where the magnetic field is in the crystallographic a/b plane, we find no evidence of the FFLO state, contrary to the previous prediction, and the superconductivity does not extend above   H P  . When oriented perpendicular to the layers, along the c axis, single frequency Shubnikov–de Haas oscillations are observed up to 28 T. Analysis of the oscillations give the Dingle temperature,   T D   [K], and subsequently, the mean free path,  l  [Å]. The mean free path was calculated to be slightly greater than the superconducting coherence length, but perhaps not enough to stabilize the FFLO state.



The upper critical fields,   H  c 2   , of    β ″   (ET)Cr in the   B ‖   and   B ⊥   orientations are surprisingly anisotropic. With    T c  ≊ 4   K,    H  c 2 ‖   =  H P  = 7.6   T is not abnormal, but the observed    H  c 2 ⊥   = 0.4   T is unusually low. We compare this anisotropy with other well-known Q2D organics along with other Fermi surface parameters. Further study is needed into the mechanism behind the low perpendicular upper critical field and other potential effects of the high crystal anisotropy on the properties of the material.




2. Materials and Methods


Single crystals of    β ″   -(BEDT-TTF)   2  [(H   2  O)(NH   4  )   2  Cr(C   2  O   4  )   3  ]·18-crown-6 were grown by electrocrystallization as described in [4]. The structure of the layering gives this crystal the widest gap between consecutive conducting (ET) layers of any organic superconductor with a single packing motif (   β ″   ), making this material of particular interest for studying Q2D systems.



A contactless tunnel diode oscillator (TDO) penetration depth technique was used to measure the change in frequency of a self-resonant circuit containing the crystal inside an inductor [14]. As the crystal expels the rf field, the complex impedance of the inductor in the resonant circuit changes, which is a function of relative rf-penetration depth,   Δ λ  , a sum of the London penetration depth and penetration due to motion of vortices in a Type-II superconductor, as seen in Equation (1). Therefore,   Δ f = Δ f ( λ )  , where we monitor   Δ f   with a frequency counter or lock-in amplifier. At fields above   H  c 2   , the TDO measures the normal-state skin depth,   Δ δ  . At cryogenic temperatures, the signal-to-noise ratio of the TDO fundamental frequency results in a resolution of about one part in   10 7  , making the TDO technique sensitive to tiny variations in small samples without requiring contacts.



Experiments were performed at the National High Magnetic Field Laboratory (NHMFL) in Tallahassee, FL in a 32 T DC all-superconducting magnet containing a top loading dilution refrigerator. The data presented in this paper comes from two separate single-crystals grown in the same batch, both having a largest in-plane dimension of roughly 750  μ m. Each single-crystal was placed inside an 810  μ m diameter four-turn coil connected to a TDO circuit board by approximately 2 cm of a twisted wire pair. The coils and TDO circuits were placed on a single-axis rotator probe alongside a calibrated RuO thermometer for temperature measurements. Zero-field cooling conditions were identical for the two crystals as the distance between them was about 1 cm. The fundamental frequencies of the TDOs were 639 and 453 MHz, respectively, which were mixed down to 0.5–10 MHz using a superheterodyne receiver.



After reaching base temperature, the samples were rotated in a finite DC field in order to determine when the orientation of the field was parallel to the conducting layers of the samples. The conducting layers of crystals 1 and 2 were askew by roughly 5.6   ∘  . Field-dependent data was collected by rotating to a fixed angle and increasing the field.




3. Results


The zero-field cooling dependence of crystal 2 is shown in Figure 1. The superconducting transition at    T c  = 3.9   K is broad but comparable to the previous reported value [4], and the transition spans roughly 4 MHz, a sizeable signal strength. Note that the absolute TDO frequency measurement is proportional to relative rf-penetration depth, so the absolute scale for  λ  is arbitrary. Crystal 1, not shown, has a much less obvious superconducting transition spanning only 0.8 MHz at a lower temperature, suggesting that it was a weaker superconductor than crystal 2. Despite the crystal quality discrepancy, crystal 1 yielded results that supported our findings from crystal 2 throughout the duration of the experiment.



After reaching a base temperature of 60 mK, a series of field sweeps at different angles tracked    H  c 2    ( θ )   . A subset of these field sweeps is shown in Figure 2a between  θ  = −14   ∘   and +2   ∘  . Near   B ‖   (  θ =  0 ∘   ), the superconducting transition is broad, with the highest   H  c 2    recorded to be 7.6 T at   θ = ± 0 .  25 ∘    (green). Away from   B ‖  , the superconducting transition becomes sharper and decreases in field. Despite the wide anion layer being a promising indicator that the crystal might be able to harbour the FFLO state, no evidence was found from our field sweep data. The field sweeps nearest to  θ  = 0   ∘   showed superconductivity persisting only up to    H P  = 7.6   T, and no anomalous bumps in the   2 nd   derivatives indicating a transition to the FFLO state were found.



Though the anion layer spacing in    β ″   (ET)Cr is wide compared to other organics, the cryogenic temperatures at which the experiment was performed should be well below any dimensional crossover transition. Therefore,    H  c 2    ( θ )    in Figure 2b follows the Tinkham thin-film formula for a 2D layered Josephson-coupled superconductor,


      H  c 2    ( θ )  cos  ( θ )    H  c 2 ⊥     +      H  c 2    ( θ )  sin  ( θ )    H  c 2 ‖     2  = 1  



(2)




as opposed to anisotropic Ginzburg–Landau theory [7,15]. Though Equation (2) is based on the orbital destruction of superconductivity only, it gives reasonable agreement to the data. One remarkable result is the high anisotropy in the ultimate critical fields in the parallel vs. perpendicular orientations, with    H  c 2 ‖   /  H  c 2 ⊥   = 19  , coming from a low   H  c 2 ⊥   .



Due to trapped flux in the 32 T superconducting magnet, the given magnetic field, which is reported based on the current in the magnet, may be lower than the real field experienced by the crystals. Therefore,    H  c 2 ⊥   = 0.2   T seen in the raw data is a lower bound. We estimate the range of the magnitude of trapped flux could be 0.15–0.25 T at low fields, based on discussion with the NHMFL. Therefore,   H  c 2 ⊥    = 0.2 + (0.15 − 0.25) T, with the most likely value for   H  c 2 ⊥    = 0.4 T. Later, we show orbital critical field calculations that are close to this corrected value.



Field sweeps with the magnetic field oriented far from parallel to the conduction layers of the crystal are shown in Figure 3. At    θ ⊥  =  90 ∘   , strong, pure sinusoidal oscillations are seen. At   θ ≊  60 ∘    the amplitude of the SdH oscillations pass through zero and the phase flips, indicating a spin-zero. This occurs when the Landau level spacing   Δ  E L  = ℏ e B /  m *    is an integer multiple of the Zeeman splitting energy   Δ  E Z  = g  μ B  B  , where the effective mass    m *   ( θ )  =  m ⊥ *  / sin  ( θ )    in our convention. By fitting the SdH oscillation amplitudes as a function of the angle to the Lifshitz–Kosevich (L–K) formula [16], we determine    g *  = 1.89  . According to McKenzie [17], this value of g is lower than expected due to the highly correlated nature of the quasi-particles in these lower-dimensional materials, not unlike how the effective mass   m *   is different from the band mass as calculated from the band structure. Therefore, the g-factor as measured by electron spin resonance, which we will refer to as g, is probably still very close to two. The measured g-factor from the location of the spin-zero,   g *  , will be enhanced or diminished by many body effects. In this case,    g *  = 1.89  , and the ratio    g *  / g = 0.95  , a value comparable to other organic conductors, as seen in McKenzie’s paper [17].



As shown in Figure 4, Shubnikov–de Haas oscillations can be seen as low as 6 T (a) and are of a single frequency of   α = 253   T (b). There is no evidence of breakdown orbits, and the next highest peak is the   2 nd   harmonic, which is almost four orders of magnitude weaker than the fundamental.    F SdH   ( θ )    follows the expected behaviour for a 2D metal with a corresponding cylindrical Fermi surface (c). From the SdH oscillation amplitudes we construct the Dingle plot shown in (d). The Dingle temperature is a measure of the scattering (purity) in a crystal;    T D  = X / 14.7  m *   ( θ )   , where X is the slope of the log of the oscillation amplitudes vs.   B  − 1   . Using the previously reported    m ⊥ *  = 1.4  m e    [4], we find    T D  = 2.42   K for crystal 2 and    T D  > 4   K for crystal 1, confirming that crystal 2 is a cleaner superconductor.




4. Discussion


The temperature sweep data in Figure 1 yields a similar    T c  ≊ 4   K to previous work [4]. We previously found that cooling rate could affect whether or not the crystal exhibits superconductivity, perhaps due to a structural transition at higher temperatures. Because two of our crystals underwent identical experimental cooling, however, the variation in their properties due to cooling rate may not be the only factor that determines the quality of samples. It is now clearer that there may be intrinsic disorder in the samples that also determines the strength of the superconductivity, and crystal variation could be a challenge in future experiments.



Field sweeps up to 28 T were performed below 100 mK, extending the reach of previous work in both field and temperature. Previous results down to 1 K [4] suggested the possibility of forming the FFLO state at low temperatures and high magnetic fields above   H P  . Despite this, the  λ (B) data close to   B ‖  , Figure 2, show   H  c 2    as not surpassing the Clogston–Chandrasekhar paramagnetic limit and no FFLO state is observed. The 2D Tinkham thin-film equation produces an agreeable fit to our    H  c 2    ( θ )    plot.



The anisotropy of    H  c 2 ‖   /  H  c 2 ⊥     is noteworthy being higher than most other well-known 2D organic superconductors, and a comparison with other similar superconductors in Table 1 shows that the low   H  c 2 ⊥    is anomalous. Using the corrected value of 0.4 T for   H  c 2 ⊥   ,    H  c 2 ‖   /  H  c 2 ⊥   ≊ 19  , which is only less than  κ -(ET)   2  I   3   in terms of anisotropy magnitude, and higher than the others.



Away from   B ‖  , we show Shubnikov–de Haas oscillations, Figure 3, at multiple field angles with respect to the conduction layers of the crystal. Up to 28 T and as low as 6 T, we find strong, harmonically pure oscillations. At   B ⊥  , the fundamental frequency is 253 T, slightly higher than the previously reported    F SdH  = 231.1   T [4]. The oscillation frequencies follow the expected   1 / sin ( θ )   behaviour as we rotate the sample (often reported as   1 / cos ( θ )   when   B ⊥  = 0   ∘  ). We report the Dingle temperature    T D  = 2.4   K in our main crystal and    T D  > 4   K in the other, noisier crystal.



Using the Shubnikov–de Haas oscillations and the effective mass, we can calculate the Fermi surface parameters such as the Fermi velocity,    v F  =   2 ℏ e  F SdH    /  m *   , the scattering time, which is related to the Dingle temperature,   τ = ℏ / 2 π  k B   T D   , and the mean free path   l =  v F  τ  . For the superconducting coherence length,  ξ , we use Equation (3), with    H  c 2 ⊥   = 0.4   T at   T < 100   mK. These parameters are shown in Table 1 alongside comparisons to other Q2D organic superconductors. One of the conditions for forming the FFLO state is for the crystal to be in the clean limit, i.e.,   r = l / ξ > 1  , which is barely satisfied for    β ″   (ET)Cr, though this alone is no guarantee of FFLO stabilization, as seen in the paramagnetically limited  α -(ET)   2  NH   4  Hg(SCN)   4   [7].



Considering that the remarkably low   H  c 2 ⊥    is well below   H P  , we would expect the orbital effect to dominate the destruction of superconductivity, following the equation


   H  c 2 ⊥   ≊  H orb 0  =  Φ  2 π  ξ ‖ 2    ,  



(3)




where   ξ = ℏ  v F  / π  Δ s   ,   v F   is the Fermi velocity, and the superconducting energy gap is given by the BCS result,    Δ s  = 1.75  k B   T c   , resulting in


   H orb 0  =  Φ  2 π       1.75 π  k B   T c    ℏ  v F     2  .  



(4)







With   v F   as calculated above,    T c  = 3.9   K, and using the BCS result, we arrive at    H orb 0  = 0.49   T, very close to our measured   H  c 2 ⊥   . We note that, once specific heat data are taken, the equation for   H orb 0   could be made more accurate using   Δ s   calculated empirically via the Alpha model [20,31,32] rather than the BCS result, using the equation


   H orb 0  =   Φ π  Δ s 2   m *    4  ℏ 2   E F    ,  



(5)




where    E F  = ℏ e  F SdH    is the Fermi energy.



Orbital critical field calculations do agree moderately well with   H  c 2 ⊥    for most of the organics in Table 1, with the exceptions of  κ -(ET)   2  Cu(NCS)   2   and  κ -(ET)   2  I   3  . The former can be justified by taking into account Zeeman pair breaking and strong coupling. The calculated   H orb 0   for  κ -(ET)   2  Cu(NCS)   2   is close to the value of   H P  , where one would expect a large contribution of Zeeman pair breaking to limit the upper critical field, as calculated by the the WHH formula [33], and is seen as a downward curvature in   H  c 2 ⊥   (T) [2]. The rest of the materials in Table 1 have relatively linear   H  c 2 ⊥   (T) phase diagrams, given that   H orb 0   is much less than   H P   for all of them. However, new measurements may be needed to account for the discrepancy between   H  c 2 ⊥    and the calculated   H orb 0   for  λ -(BETS)   2  GaCl   4   and  α -(ET)   2  NH   4  Hg(SCN)   4  , as one would not expect   H orb 0   to be less than the measured critical field. Finally, the extremely low   H  c 2 ⊥    for  κ -(ET)   2  I   3   cannot be accounted for by measurement error, and another mechanism may be at play in that material.



In fact, many layered organics have   H  c 2 ⊥   (T) phase diagrams that do not follow the simple model suggested by Equation (3) or even more complicated models such as the WHH formula. Although there have been some attempts to build separate theories for   H  c 2   (T) in layered superconductors, they have tended to focus on the parallel orientation with the magnetic field along the layers [15,34] or address special cases such as the diverging perpendicular critical fields of some cuprates or dichalcogenides, motivating proposed mechanisms based on magnetic impurities [35] or quantum critical behaviour [36], neither of which are suggested for organic materials. There are possible instances of 3D-to-2D crossover in the perpendicular critical fields of layered organic superconductors [25,37], but there is no theory that supports 3D-to-2D crossover in perpendicular magnetic fields.




5. Conclusions


In this brief report we present high-field, low-temperature measurements on    β ″   (ET)Cr, a layered crystalline organic superconductor with novel crystal geometry, using a tunnel diode oscillator measurement technique. Despite prior predictions, inhomogeneous superconductivity was not found, and the superconductor may be paramagnetically limited. From a series of strong Shubnikov–de Haas oscillations, we calculated Fermi surface parameters confirming the crystal to be in the clean limit, though only just. We found that this material exhibits higher critical field anisotropy than other well-known organics, with   H  c 2    in the perpendicular-to-the-layers orientation being surprisingly low. Though, calculation of the expected orbital critical field matches the measured value. This raises further questions as to why other organics do not necessarily follow this behaviour.



Future additional field sweep experiments would help clarify multiple points regarding the properties of    β ″   (ET)Cr presented in this work. In the   B ⊥   direction, collecting SdH oscillation data at multiple temperatures is of utmost importance to confirm the effective mass value,    m *  = 1.4   K, reported by Martin et al. [4], which is used in numerous calculations of Fermi surface parameters, the orbital critical field, Equation (5), etc.



In particular, the estimated g-factor,    g *  = 1.89  , could be made more accurate both by confirming   m *   and by gathering additional SdH amplitude data at finer angle intervals. Fitting the oscillation amplitudes to the L–K formula produced error bars that were significant, due to limited angular sample size, and only one spin-zero was seen. As an alternative to field sweeps at fixed angles, since   α = 253   T is the only visible SdH frequency, rotating the sample in a high DC field would immediately reveal at what spin-zero angles the oscillations vanished, which uniquely determine the product    m *   g *    [17,38].



The H/T phase diagrams of the upper critical fields in both the   B ‖   and   B ⊥   orientations would benefit from being completed, as this present work only adds data at   T = 60   mK, a temperature well below the previously published data [4], leaving a gap in the   0.1 < T < 1   K range. A saturation of   H  c 2 ‖   (T) to a constant value in this region would help confirm whether the crystal is paramagnetically limited [7] and determine the degree to which many-body effects might enhance   H P   [17]. The suspected linearity of   H  c 2 ⊥   (T) in this temperature range should also be investigated, as discussed above, to deepen our understanding of perpendicular critical field phase diagrams in layered organics, where the extent of the current theory is incomplete.
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Figure 1. Rf-penetration depth as a function of temperature in a zero magnetic field. The critical temperature, defined by the minimum of    d 2  λ / d  T 2   , is similar to previous work [4]. 
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Figure 2. (a) Rf-penetration depth as a function of the magnetic field oriented at different angles with respect to the conducting planes of the sample, with    B ‖  =  0 ∘   . Field sweeps were performed at   T < 100   mK. We define   H  c 2    as the crossing point of the linear extrapolations above and below the superconducting transition, shown in grey. (b)    H  c 2    ( θ )    as taken from (a) and from additional data not shown. The solid trace is the 2D Tinkham thin-film equation, Equation (2). 
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Figure 3. Field sweeps up to 28 T at different angles with respect to the layers of the sample. At   B ⊥  = 90   ∘  , quantum oscillations begin as low as 6 T. The data are offset vertically for clarity. 
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Figure 4. (a) Shubnikov–de Haas oscillations (  θ =  90 ∘    from Figure 3) with the background subtracted and plotted against 1/B. Inset: zoom of main figure; oscillations can be seen down to 6 T. (b) FFT of (a). A singular  α  frequency can be observed, as well as its weaker   2 nd   harmonic. (c)    F SdH   ( θ )    as gathered by field sweeps at different angles. The data follows the expected   1 / cos ( θ )   dependence for a cylindrical Fermi surface, noting that our convention of    B ⊥  =  90 ∘    is reverse to the traditional    B ⊥  =  0 ∘   . (d) Dingle plot produced by the data shown in Figure 3, reduced as in (a). Linear fits are overlaid on the data with corresponding Dingle temperatures. 
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Table 1. A comparison of crystal properties from experimental results to other well-known quasi-2D organic superconductors. The title compound and its corresponding values are shown in bold.
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	Crystal Name [Citations]
	   T c    (K)
	   H  c 2 ‖     (T)
	   H  c 2 ⊥     (T)
	   H orb 0    (T)
	   H P    (T)
	     m *  /  m e     
	  l   (Å)
	   ξ ‖    (Å)





	 κ -(ET)   2  Cu(NCS)   2   [18,19,20]
	9.6
	28
	6
	17.6    †  
	21.6
	3.5
	900
	74



	   β ″   -(ET)   2  SF   5  CH   2  CF   2  SO   3   [6,21,22]
	4.5
	11
	1.6
	2.07    †  
	9.2
	2.0
	520
	122



	 λ -(BETS)   2  GaCl   4   [23,24,25]
	4.3
	11
	2.9
	1.6    †  
	8.3
	3.6
	170
	107



	   β ″   (ET)Cr [4]
	4.1
	7.6
	0.4
	0.49
	7.6
	1.4
	367
	286



	 κ -(ET)   2  I   3   [26,27,28]
	3.5
	6.7
	0.2
	1.37
	5.7
	3.9
	953
	410



	 α -(ET)   2  NH   4  Hg(SCN)   4   [7,29,30]
	0.96
	2.1
	0.12
	0.05    †  
	2.1
	2.5
	663
	605
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
(a) 4.0 T T T T T T T T T T ] (b) 8 _I | | | | | | | | | | | I_
N | 7k H,=76T _
6 i
3.0 Sample Angle| 7 -
_ — 2.00° Eor T ]
E 25 — 1.60° a o ® C2( )
S 1.27° L?‘_) 4~ == Tinkham Eqn. .
5 0.78° o |
2.0 — (.28° -
— 0.21° -
15K —_— -0.68° |4
-2.36° _
_ 0
10 14.0 1 R A
| | | | | | | | | | | ] 1 ] ] | | | | hJE i 9 | - 1 9 7
0 1 2 3 4 5 6 7 8 9 10 -30 20 -10 0 10 20 30 40 50 60 70 80 90

B-Field (T) Sample Angle (°)





nav.xhtml


  magnetochemistry-09-00064


  
    		
      magnetochemistry-09-00064
    


  




  





media/file2.png
Af (MHz) oc A (arb.)

Hﬁ"“ =

— 7.=3.9K(ourdata) -
— T.=4.2 K (Martin et al.)

4 6 8
Temperature (K)





media/file5.jpg
Af (MHz)

Sample Angle|
—90°
— 80°
— 70°
— 60°
— 50°

— a0°

L L

12 16
B-Field (T)

28





media/file3.jpg





media/file1.jpg
Af (MHz) o< A (arb.)

w

T T T

e+ =

+

# = 7,=3.9K (our data)

m— T, =4.2 K (Martin et al.)

o T

4 6 8
Temperature (K)





media/file7.jpg
L (kHz)

®
5. ol || a2t
[TTTY"Y
a
i H )
A H
S o o oo o o o o we  wn e ww
B Foqsrsy ®
o = Tan
Tw e
= e | .

W % W % w W s W 06 o0 o0 o0 0w oW 0%
*Sample Angle (%) 180"






media/file0.png





media/file8.png
(@) 500

| | | | | | |
N 5,
MMI\[\A/\AAMM- D
UVVVVVVVVVVVVVVV
- X/\/X/&fkﬁ»ﬁ ]
N o o o o
] | | ] | | ]
0.04 0.06 0.08 0.10 0.12 0.14 0.16
1/B(T7)
_| | | | | | | | |
- ® Fsan (9)
m—1/siN(0) fit
|

| | |
10 20 30 40 50 60 70 80 90
Sample Angle (°)

—
(*)
S’

SdH Amplitude

| | | | | |
n a=253T |
14 |] —
(2a)
] ] ] ]
0 400 800 1200 1600 2000
Frequency (B)
| T ' T T T ' T T l ' T
90° m— Tp=243 K
. 80° Tp=2.42 ||
70° Tp=2.51
B 60° m— Tp=2.19
50° m— T5=3.58
B Tp=2.46
] | 1 | L | 1 | L ] 1 |
0.04 0.06 0.08 0.10 p 0.12 0.14 0.16
1/B(T )






media/file6.png
Af (MHz)

| [Sample Angle
— 90°

80°
o 700
— 60°
— 50°
— 40°

12 16 20 24 28

B-Field (T)





