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Chapterr  3 

Superconductingg properties of 
TT - phase SmLao.sSro.zCuOŝ 

3.11 General introduction 

AA high-Tc cuprate superconductor, being a layered compound, can be considered as a 

stackk of weakly coupled superconducting CuC>2 planes. The strength of this coupling 

determiness the anisotropy or the effective dimensionality of the system. 

Thee combination of a relatively high critical temperature, Tc, the short coherence length 

alongg the c-axis, <̂ , and the high anisotropy, y, enormously enhances the role of 

thermall  fluctuation of the flux lines, resulting in a number of remarkable new features 

inn the mixed state [1]. 

Thee most important effect of thermal fluctuations is the melting of the vortex 

latticee at temperatures well below the superconducting transition temperature, Tc [1]. 

Thiss melting process may occur in two separate stages: firstly, the melting of the 

vortexx lattice into a liquid of vortex lines and, secondly, the subsequent loss of 

coherencee between the layers, the so-called decoupling transition, leading to a 2D 

vortexx liquid phase [2-5]. The resulting vortex-liquid phase may occupy a significant 

partt of the H — T phase diagram giving it a complex and exotic morphology. 

Meanwhile,, the inevitable presence of defects and disorder in the material gives rise to 

pinningg of the flux lines, which, together with the elastic and plastic responses, enrich 

thee variety of possible vortex phases. 

Inn this chapter, we describe the results of an experimental study of the 

superconductingg properties for a T*- phase SmLaogSro^CuOĝ single crystal 
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(T™(T™ - 24 K; see Fig. 3.1), based on magnetization data. A superconducting H — T 

phasee diagram is derived from the iso-thermal magnetic hysteresis data, M(H)T, which 

clearlyy show the appearance of a second-peak or fishtail effect at a field well below the 

upperr critical field, Hc2. Different behaviors of the solid vortex phases are described on 

thee basis of several existing models. The intrinsic parameters of the vortex system 

outsidee the critical region are determined from the temperature-dependent 

magnetizationn data, M(T)H, analyzed by means of the variational Hao-Clem model. 

Inn the critical region close to Tc or to the Hcl{T) curve, however, thermal fluctuation 

effectss are expected to play a dominant role. In this regime, the experimental data show 

aa crossing point (M*,T*)  at a temperature T right below the onset of critical transition 

temperature,, Tc
on. The crossing point is the result of the 2D nature of the critical 

fluctuationss in the strongly layered superconductors. We thus use 2D scaling theory to 

analyzee the data and to examine the effective dimensionality of the vortex system. 

Finally,, a description will be given of the vortex dynamical behavior across the 

second-peakk field region on the basis of the time-dependent magnetization data, 

M(0H.T-M(0H.T-

3.22 Peak effects and the solid-vortex phase of SmLao.sSro.zCuOĝ 

Introductio n n 

Onee of the long-standing research issues regarding the vortex ensemble in the cuprate 

superconductorss is the physical mechanism underlying the anomalous increase of 

magnetizationn with increasing magnetic field applied parallel to the c-axis above the 

lowerr critical field Hc\, the so-called second-peak effect or fishtail effect. This 

phenomenonn has been observed in relatively clean and high-quality single crystals of 

YBa2Cu307.55 (YBCO) [6-11], Nd,.85Ce0.15C11O4-6 (NCCO) [12-15], La2.,SrxCu04-0 

(LSCO)) [16-18], Bi2Sr2CaCu2Os (BSCCO) [19-25], (Bi,Pb)2Sr2CaCu208 (BPSCCO) 

[26-28],, Tl-based compounds [19, 29-32] and HgBa2Cu04 (HBCO) [33]. The same 

effectt has also been reported for the low-temperature superconductors: 2H-NbSe2 [34], 
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thee intermetallic compound CeRu2 [35], the organic materials such as K"-(BEDT-

TTF)2Cu(NCS)22 [36, 37] and the non-cuprate oxide system (Ba,K)Bi03 [38]. 

Thee second-peak effect is generally found to disappear above some characteristic 

temperaturee well below Tc for the highly anisotropic high-T,. systems such as BSCCO, 

whilee it was found to persist up to a temperature approaching Tc in the less anisotropic 

h\gh-Th\gh-Tcc systems such as YBCO and the lower-7,. systems such as the 214 cuprate 

superconductors.. This effect has been studied extensively, and attributed to 

mechanismss varying from collective pinning [39], surface barriers [12, 19, 20] and 

latticee matching effects between the vortices and the defect structures [22]. 

Otherr mechanisms proposed in the literature include the three-dimensional to 

two-dimensionall  (3D - 2D) crossover [23], the crossover between elastic and plastic 

statess [7], the crossover between a quasi-lattice vortex glass and a disordered vortex 

glasss [40-42] and the thermal-disorder-induced interlayer-decoupling transition of the 

vortexx pancake [26, 43]. In spite of incidental and partial successes of these 

wide-rangingg models, the unified understanding of these phenomena is still lacking. 

Inn this section, we report the results of magnetic measurements of a T*- phase 

SmLao.gSroo 2Cu04.5 single crystal that demonstrates the fishtail effect over a large 

temperaturee range below Tc. Being a hybrid of the T- phase (La2.xSrxCu04.§) and the 

T'-- phase (Sm2Cu04), this system is expected to exhibit interesting new features in its 

vortexx phase structure and in the associated transitional behavior. This will , in turn, 

providee additional experimental data for the study of the structure-property 

correlations.. It will be shown that most of these magnetization data do fit to the 

existingg models, while others, such as the onset field of the second-peak effect, 

aree clearly in need of further theoretical and experimental studies. 

Experiments s 

Singlee crystals of SmLao8Sr02CuO4_a were grown by the travelling-solvent 

floating-zonee (TSFZ) method using a four-mirror furnace from Crystal System Inc. 

AA crystal with dimension of ~ 2.0 x 2.0 x 0.9 mm3 and mass of ~ 23 mg was obtained 

byy cleaving the as-cut crystal in air along the tf6-plane. The superconductivity of the 
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crystall  was attained by annealing the as-grown crystal in 200 bar oxygen at 600 °C for 

77 days, followed by another heat treatment at 300 °C for 3 days before being cooled 

slowlyy to room temperature at a rate of 25 °C/hr. The onset of the critical transition 

temperaturee after this oxidation process is found to be Tc
on ~ 24 K with ATC ~ 2 K as 

depictedd by the M- Tcurve in Fig. 3.1 [44]. 

*'' T on ~ 24 K : 

' ' 

FCC _ > / , 

.** H//c = 1 Oe 
ZFCC ^ 

< m w w * y ;;  , I i  , , , 

' ^55 10 15 20 25 30 35 40 
T(K) ) 

Figuree 3.1: Temperature dependence of the magnetization of a SmLa0gSr,uCuO4_s single crystal 

afterafter oxygen annealing and slow cooling as described in the text, 

showingshowing the screening (ZFC - mode) and Meissner (FC - mode) effects. 

AA series of isothermal magnetic measurements was performed with the external 

magneticc field H applied parallel to the c-axis of the crystal using a commercial 

Quantumm Design MPMS-5S magnetometer. To ensure field homogeneity during the 

measurement,, a scan length of 4 cm was used, and each measurement was started after 

coolingg the sample in zero field (ZFC - mode) to the predetermined temperature. 

Resultss of measurement 

Thee data presented in Figs. 3.2 - 3.6 are the results of isothermal magnetization loop 

measurementss carried out over the temperature range from 2 to 20 K, 
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Figuree 3.2: Isothermal magnetic hysteresis loops of a SmLa0SSrO2CuO4.s single crystal 

measuredmeasured at various temperatures between 9 and 12 K. The penetration field, Hp, the onset field 

ofof the second peak, Hon, the second-peak field, Hsp, and the irreversible field, Hirn are indicated 

byby the arrowheads. The inset shows the low-field part of the curves, indicating the characteristic 

fieldsfields Hp, //„„ , and Hsp on the curve. 

att a temperature interval of 1 K. The M{H)T curves obtained can be separated into two 

groups,, associated with the temperature regions of 9 < T < 20 K (Figs. 3.2 - 3.4) and 

22 < T< 8 K (Figs. 3.5 - 3.6), respectively. In the higher temperature region, a distinct 

secondd peak is observed for each of the magnetization curves with varying position and 

magnitude.. The position of this second peak, Hsp, together with those of the onset of 

fieldfield penetration, Hp, of the onset of the second-peak effect, Hon, as well as of the 

irreversiblee field, HirT, are indicated in Fig. 3.2 for easy identification. The penetration 

field,field, Hp, is determined as the first minimum of the magnetization, the onset field of the 

peakk effect, Hon, as the first maximum and the second-peak field, Hsp, as the second 

minimumm in the curve. The irreversibility field, Hm, is determined from the M(H)T 

curvess as the point where the difference between the values of the magnetization for 

increasingg and decreasing field starts to deviate from zero within the accuracy of the 

experimentt (  5.10"6 emu). We note that a nearly perfect mirror symmetry between 
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Figuree 3.3: Isothermal magnetic hysteresis loops of a SmLa0SSr02CuO4.s single crystal 

measuredmeasured at various temperatures between 13 and 17 K. The penetration field, Hp, the onset field 

ofof the second peak, Hom and the second-peak field, Hsp, are indicated by the arrowheads. 

TheThe inset shows the peak effect at zero field in the hysteresis loop at 13 K, normalized 

toto the M value at Hp. 

thee ascending and descending branches of the hysteresis loop exists for  all the curves in 

thi ss temperature region. This is known to have its origin in bulk pinning effects. As we 

enterr  the lower  temperature region (T< 9 K) , the peak effect on the ascending branch 

becomess weaker  with decreasing temperature, while the mirro r  symmetry mentioned 

earlierr  fades away concurrently. In this temperature range, the penetration field, Hp, 

appearss more lik e a kink instead of a peak, similar  to the results reported for  a 

Tl 2Ba2Cu066 single crystal [30]. A closer  look at the field above Hp reveals a change in 

curvatur ee located slightly above Hp. This is identified as the onset of a second-peak 

field,field, determined as the point of inflection satisfying d2MldH 2 = 0 as illustrated by the 

insett  in Fig. 3.6. 

Inn order  to facilitat e the following analysis and discussion of the experimental 

results,, the characteristic fields (Hp, Hon, 7/sp and Hm) on each magnetization curve 

havee been converted point by point for  each temperature into an H — T diagram. 
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Figuree 3.4: Isothermal magnetic hysteresis loops of a SmLa0 HSr0 2CuO 4_$ single crystal 

measuredmeasured at various temperatures between 18 and 20 K. The penetration field, H„  the onset field 

ofof the second peak, H0„,  and the second-peak field, Hsp, are indicated by the arrowheads. 

TheThe inset shows the peak effect at zero field in the hysteresis loop at 18 K, normalized 

toto the M value at Hp. 

Thee results are given in Fig. 3.7. The different curves in this figure indicate a 

separationn of the entire solid-vortex phase area into a number of distinct regions 

borderedd by the associated "phase lines". These experimental curves are the objects of 

ourr subsequent analyses and discussions on the basis of existing models. 

Analysiss and discussion 

Wee note that the data of the penetration field, Hp, in Fig. 3.7 show the general trend of 

increasingg values with decreasing temperatures. It is well accepted that this type of 

temperature-dependentt behavior of Hp is theoretically predicted by the surface barrier 

modell  [45] as well as by the geometrical barrier model [46]. Experimentally, this has 

beenn verified in several systems [14, 15, 19, 33, 47] and in different temperature ranges 

[12,, 24, 25, 48]. The surface barrier model for a strongly layered system predicts a 
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Figuree 3.5: Isothermal magnetic hysteresis loops of a SmLa0SSr02CuO4.s single crystal 

measuredmeasured at various temperatures between 2 and 5 K. The second-peak field, Hsp, is indicated by 

thethe arrowhead. The inset shows the peak effect at zero field in the hysteresis loop at 5 K, 

normalizednormalized to the M value at Hp. 

functionall  relation of the form Hp(T) = Hc exp(-77r0) where T0 is a constant and where 

HHcc is the thermodynamic critical field. For a less-anisotropic (quasi-3D) system, this 

modell  yields the approximate expression Hp(T) °*(TC- T)mITfor Hp < Hc. On the other 

hand,, the geometrical barrier model leads to a penetration field, Hp, having the 

temperaturee dependence given by Hp(T) = Hp(0) (1 - T/Tc), which is expected to be 

dominantt at elevated temperature. The results of a best fit  to our data on the basis of 

thesee models are depicted in the figure. It is seen that the data for T > 14 K are closely 

fittedd by the geometrical barrier model with Hp(0) = 116 Oe and Tc = 26.3 K which 

startss to deviate from the data below 14 K. This result confirms previous observations 

forr Nd|.85Ceo.i5Cu04_6 [12] and Bi2Sr2CaCu208 [24, 25, 46] crystals in the elevated 

temperaturee regime. 

Inn the lower temperature regime, where the surface barrier is supposed to be 

important,, we obtain a good fit of the exponential function with Hc = 377 Oe and 
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Figuree 3.6: Isothermal magnetic hysteresis loops of a SmLa0gSr02CuO4.g single crystal 

measuredmeasured at various temperatures between 6 and 8 K. The penetration field, Hp, the onset field 

ofof the second peak, H0„,  and the second-peak field, Hsp, are indicated by the arrowheads. 

TheThe inset shows the low-field part of the curve at 7 K, indicating the characteristic fields Hp, H0„, 

andand Hsp on the curve (see text for details). 

TT00 = 7.5 K. This is consistent with previous observations for Bi2Sr2CaCu208 

[19,, 24, 25], Tl2Ba2CaCu208 [19, 47], Nd2.xCexCu04.s [12, 14, 15] and HgBa2Cu04 

[33]]  crystals. Meanwhile, we failed to fit  the quasi-3D relation in this temperature 

regionn in contrast to previous observations reported for Bi2Sr2CaCu2Og by 

Nideröstt et al. [48]. It must be noted, however, that a perceptible deviation from the 

exponentiall  function does occur at the lower end of the temperature region. This may 

welll  be attributed to some hitherto unknown pinning mechanism at temperatures below 

55 K, implying the need of a higher external field for an effective field penetration into 

thee sample. It is not clear whether this deviation is a manifestation of the bulk pinning 

effect.. It may very well be caused by an error induced in measurements conducted at a 

fasterr pace below 5 K as pointed out in an earlier report [48]. 
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Figuree 3.7: The magnetic phase diagram of a SmLa0^r0,2CuO4.s single crystal, showing the 

temperaturetemperature dependencies of the penetration field, Hp, of the onset field, Hm, of the second-peak 

field,field, Hsp, and of the irreversible field, //,,.,.. The theoretical fits of these transition lines are 

indicatedindicated by dotted, dashed and solid lines, see text for discussions. 

Further,, let us turn our attention to the insets of Fig. 3.3, 3.4 and 3.5, where the 

descendingg magnetization curves exhibit sharp peaks at a negative field close to zero. 

Thee "zero-field" peaks observed in the magnetization curves of the high-temperature 

superconductorss [49] were theoretically explained by Zeldov et al. [46] as an important 

effectt of a geometrical barrier in the sample. It becomes significantly enhanced in the 

presencee of a Bean-Livingston surface barrier, which is of electromagnetic origin [46]. 

Ourr data of the zero-field peak as displayed in those insets in terms of its normalized 

valuee with respect to magnetization at the field Hp also show an enhancement at lower 

temperaturee where the surface barrier is expected to become operative. 

Thesee observations constitute a clear support for the theoretical description of 

Zeldovv et al. [46]. 
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Wee turn next to the Hon curve located slightly above Hp. As mentioned earlier, this 

curvee marks the onset of the fishtail effect, which is commonly associated with a 

transitionn between two solid vortex phases. A recent model proposed by Giller et al. 

[13]]  describes the effect as a disorder-induced transition, taking place at a field 

determinedd by the competition between the vortex elastic energy, /silastic» and the 

pinningg energy, /̂ inning- The elastic interaction at low field governs the structure of the 

vortexx solid leading to the formation of a quasi-ordered lattice (Bragg glass), while 

disorderr becomes dominant at higher fields where the interaction between the vortices 

andd the pinning centers results in an entangled solid (vortex glass) [13, 40-42]. 

Accordingg to this model, the characteristic cross-over field, Hon, has a temperature 

dependencee of the form Hon(T) = Hm(Q) [1 - (T/Tcff
2. We have found that this 

functionall  relationship can hardly be fitted to our data, since it gives an opposite 

curvature.. The same conclusion was reported previously for the systems 

Nd1.85Ceo.15CuO4.fii  [15] and (Bi,Pb)2Sr2CaCu208+s [28]. On the other hand, our data in 

thee temperature range of 4 - 20 K can be fitted much better by an exponential function 

off  the form Hon(T) = Ha exp(Ta/T), with //a = 50 Oe and Ta = 11 K. It is worth noting 

thatt this curve extrapolates at both ends of the temperature range towards the Hsp field 

att temperatures where the peak effect is supposed to disappear completely. We recall 

thatt this is precisely the phenomenon depicted in Fig. 3.5. This exponential 

temperaturee dependence is, nevertheless, in dire contrast to the exponential dependence 

off  Hon(T) = H0 exp(-T/T0) reported for the Tl2Ba2Cu06 [31] and HgBa2Cu04 [33] 

systems.. To the best of our knowledge, explanations of these different results are not 

availablee from the existing theoretical models. The exponential function for Hon(T), 

introducedd in this work, may well be considered as a useful empirical relation for this 

compound. . 

Thee data of the second-peak field, //sp(7), are examined on the basis of the 

thermal-decouplingg theory [3, 4, 26, 43, 50, 51]. This theory predicts the suppression 

off  superconducting long-range order in the direction of the applied field due to thermal 

fluctuationn of the pancake vortices, leading to a decoupling of the pancake-vortex 

layers.. In the (Sm,La,Sr)2Cu04 crystal, the moderate value of the anisotropy parameter, 

y,y, satisfies the condition E,ah « ys « Xah, where ĥ and Xah are the in-plane coherence 

http://Nd1.85Ceo.15CuO4.fi
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lengthh and penetration depth respectively, while s is the Cu02 interlayer distance. 

Assumingg a mean-field temperature dependence of Xah (T) = Xab (0)/(l - T/Tc), the 

decouplingg field, HAT), is then given by [3, 4] Hil{T) = Ol/[\67tiekB l̂)sy2TX2
ah(T)l 

withh O0 denoting the flux quantum (2.07 x 10"15 Wb), kB the Boltzmann constant 

(1.388 x 10'23 J/K), and /ÜQ the permeability of free space {Anx 10"7 Him). Based on this 

modell  the second-peak field is supposed to have a temperature dependence of 

MMspsp(T)(T) = HSV\(TCIT) - 1] with / / ; ( r ) = O^/ [ l6^3^/ / 0^ 27;A; / ) (0)J. This function 

cann be nicely fitted to the data points with the value of Hsp = 430 Oe and Tc = 24.6 K. 

Thiss result indicates that the second-peak effect, weakening at high temperatures in the 

T*-- phase of SmLa0 gSr0.2CuO4.ö, has its origin in the thermal-disorder-induced 

interlayer-decoupling.. A similar analysis was reported for an overdoped 

(Bi,Pb)2Sr2CaCu208.55 single crystal [26] and, qualitatively, for a Tl2Ba2Cu06 [31] 

singlee crystal. Substituting the parameter s in the theoretical expression of Hsp by the 

valuee s = c ~ 12.60 A obtained from the refinement analysis of the XRD pattern [44], 

wee arrive at the zero-temperature in-plane penetration depth of Ao/,(0) ~ 3634 A. 

Thiss value is very close to that of T- phase La, 875Sr0 125CUO4.5 [52]. It must be stressed, 

nevertheless,, that the lower-temperature part of the second-peak data (T< 5 K) is better 

describedd by the exponential function Hsp(T) = 5500 exp(-774) conform the expression 

HHspsp(T)(T) = //sp(0) exp(-a777;.) as adopted in a previous analysis of a Tl-based single 

crystall  [30, 32] and a (Bi,Pb)2Sr2CaCu208,s single crystal [28]. This different behavior 

inn the lower-temperature region (T < 5 K) is most likely a manifestation of a different 

pinningg mechanism as a consequence of a diminishing role of the thermal energy. 

Thee temperature dependence of the irreversibility line, HirT(T), as depicted in 

Fig.. 3.7, shows a curvature reversal around 10 K, namely from a negative curvature in 

thee higher-temperature and low-field region to a positive curvature in the 

lower-temperaturee and higher-field region. The data in the higher temperature region 

(100 < T < 20 K) display an excellent fit  to the theoretical curve given by 

HHmm{T){T) = //irT(0) (1 - T/Tcf
2 with tfirr(0) = 15 kOe and Tc = 22.5 K. This temperature 

dependencee is supposed to indicate the dominance of thermal effects as predicted by 

thee giant flux creep models of Yeshurun [53] and Tinkham [54]. In the 
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lower-temperaturee region (T< 10 K), the Hm curve, exhibiting a positive curvature, can 

bee fitted well by an exponential temperature dependence of the form 

HHmm{T){T) = Hm Gxp(b/T), with Hm = 2500 Oe and b = 11 K. This behavior has been 

suggestedd for a quasi 2D Josephson-coupled layered superconductor (JCLS) model 

withh moderate anisotropy [55]. It is tempting at this point to consider the empirical 

formulaa proposed by Kitazawa et al. [56], which relates the anisotropy parameter y to 

thee measured irreversibility field, H^T), namely Hm{T) = 33400// (1 - TITL)
m. 

Thiss empirical equation is based on the consideration that the cuprate high-/", 

compoundd can be viewed universally as a system of alternating blocks 

(insulating/conducting)) and superconducting layers [57]. In such a system, 

thee associated anisotropy is expected to control various electromagnetic phenomena 

includingg the flux pinning strength. Identifying the multiplicative factor in this 

equationn with Hin{Q)->  obtained above from the constant factor of the irreversibility line 

inn the higher temperature region, yields a value for y of about 47 which lies between 

thosee of the La2-xSrxCu04.o system ( /= 14 - 63) [56] and the Nd2.xCexCu04.6 system 

( /=300 -100) [58]. 

AA rough estimate of the dimensional crossover field (3D - quasi-2D crossover), 

H2D,, following the approximate formula [4] H2D ~ <JV4/ with Xj = ys and y « 47, 

yieldss the value H2D « 6000 Oe. Looking at the H — T phase diagram, this H2v value is 

locatedd approximately at the field where the HirT curve undergoes a sign reversal in its 

curvature,, marking the onset of a weakening of the interlayer coupling and indicating a 

2DD melting at higher field. This view is consistent with the steep rise of Hm{T) for 

HH > H2n, approaching the well-known theoretical prediction of a field independent 

meltingg line Hm(T) for the strongly layered 2D system [55]. Although the expression 

forr the dimensional crossover field, H2D, given above is strictly valid only near zero 

temperature,, i.e. far away from Tc, the near coincidence between H2D and the curvature 

reversall  of Hm(T) at T < 10 K is, nevertheless, an interesting point to note in the 

contextt discussed above. 
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Thee estimate of the out-of-plane penetration depth at zero temperature, Ac.(0), 

basedd on the estimated anisotropy parameter y and zero-temperature in-plane 

penetrationn depth, Aö/J(0), according to the general formula y = ktJXah yields 

Ar(0)) = 17.08 fim. This value is smaller than the one observed from optical 

measurementss obtained from the same batch of crystals under a different oxygen 

annealingg treatment, namely A£.(3K) = 45 jjm [59]. We are inclined to attribute this 

discrepancyy to different carrier doping levels in these two crystals, in accordance with 

differentt anisotropy parameters and different critical temperatures [59]. The crystal 

usedd for optical measurement is known as a strongly underdoped sample (Tc - 16 K), 

whilee our sample is approximately in the optimal doping state (Tc
on ~ 24 K). 

Conclusion n 

Wee have demonstrated from the isothermal magnetization data of a SmLa0 8Sr0 2Cu04.5 

singlee crystal with Tc
on ~ 24 K, that this system exhibits the well-known peak effect in a 

largee temperature range, extending from 2 K to 20 K. Additionally, the magnetization 

dataa reveal a remarkable zero-field peak throughout most of the same temperature 

range,, with a perceptible enhancement at lower temperatures. The analysis of the 

magneticc phase diagram derived from these data on the basis of existing models clearly 

indicatess the role of a geometrical barrier for the vortex penetration at elevated 

temperatures,, and that of a surface barrier at lower temperature. We have also found 

thatt most of the data in various temperature and field regions can be well described 

withh existing theoretical models. In particular, a change of curvature of the 

irreversibilityy line at the field position around H2D confirms the 2D melting at H> H2V). 

Onee exception is the temperature dependent behavior of the second-peak onset field, 

//on(7),, which cannot be explained by any model known so far, although an empirical 

relationn has been introduced to provide a good description of the data. 

Further,, estimates of the anisotropy parameter and penetration depth at zero 

temperaturee have yielded values in between those of the T and T' 214 systems, 

therebyy providing further insight in the different features occurring in this T*- phase 

comparedd to the other 214 compounds. 



Superconductingg properties of T- phase SmLao.sSro^CuCXs 51 

3.33 Intrinsi c parameters and the fluctuation effects 

off  SmLao.8Sr0.2Cu04-5 

Introductio n n 

Thee large thermal fluctuation effects of the cuprate superconductors in the vicinity of 

thee superconducting critical temperature, Tc, is one of the remarkable new features 

studiedd extensively in these systems [60-66]. It gives rise to large values of the 

Ginzburgg number compared to, for instance, conventional superconductors. As is clear 

fromm the expression of the Ginzburg number Gi= y2 [71 JH] (0)£ ^ J /2 , this effect is 

enhancedd by the high degree of anisotropy 7 and the short c-axis coherence length, <̂ ., 

inn addition to the relatively high value of Tc. In these layered superconductors, 

thee interlayer interaction between the conductive Cu02 planes is usually weak and 

vorticess are easily disturbed and distorted due to thermal fluctuations. According to the 

Bulaevskii-Ledvij-Kogann (BLK) model [65] (see Appendix A), the characteristic 

temperature-dependentt behavior of the magnetization M(T) can be described as a linear 

superpositionn of the London magnetization and the "vorton" term. This formulation 

wass shown to lead to a characteristic crossing point (M ,T'), with M = -kBT /(Oo$), 

wheree O0 denotes the flux quantum and s the effective interlayer distance [61, 65]. 

Thiss expression was later modified by extending the calculation leading to a constant 

factorr of 0.346 to the right hand side, and resulting in the expression [66] 

M*=M*=  -0.346 kBf/(0os). 

Wee present in this section the results of a detailed study on the equilibrium 

thermodynamicc properties as derived from the reversible magnetization data of a 

T*-- phase SmLao.gSro^CuOŝ crystal. The analysis of those data outside the critical 

fluctuationn region is performed according to the well-known Hao-Clem procedure 

[67,, 68] for the extraction of various intrinsic parameters of the system, such as: 

thee thermodynamic critical field, Hc; the Ginzburg-Landau parameter, Kr, the magnetic 

fieldd penetration depth, A; the Cooper-pair coherence length, £, and the upper critical 

field,, Hc2. Successful analyses of the reversible magnetization data employing the same 
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proceduree have also been reported for a number of high-7", systems such as: 

YBa2Cu307.55 (YBCO-123) [68, 69], YBa2Cu408.5 (YBCO-124) [70, 71], 

Bi2Sr2CaCu2088 (BSCCO-2212) [72], Bi2Sr2Ca2Cu30,o (BSCCO-2223) [73], 

HgBa2Can.,Cun02„-:-öö (n = 1,2,3) (HBCCO) [74, 75] and Hgo.gPbo^Ba^Sro^Ca^UiA 

(Hg(Pb)BSCCO-1223)) [76], as well as the low-7"t. systems: La2.xSrvCu04.6 (LSCO) 

[77-79],, SniLKsCeo.isCuOŝ (SCCO) [80] and Nd, 85Ceo.,?Cu04_5 (NCCO) [81]. 

Inn the critical region, close to TL or to the Hc2(T) line, the thermal fluctuation 

effectss play a significant role and the Hao-Clem model is no longer adequate. We must 

turnn instead to the 2D scaling theory that has been developed on the basis of 

Ginzburg-Landauu theory of critical fluctuations, which is known to describe the 

fluctuationn behavior at high field [60, 61, 82] (see Appendix B for a brief description). 

Accordingg to this theory, the magnetization data, M(T), scale according to a function of 

thee variable t = [T - TC(H)]/(TH)'\ where n is connected with the dimensionality of the 

system,, D, through n = (D - 1)/D, with n = 2/3 for a 3D system and n = 1/2 for a 2D 

system.. For the case of a quasi-2D system, a closed-form of the scaling function has 

beenn derived by Tesanovic et al. [61]. The scaling behavior of our magnetization data 

wil ll  be examined and analyzed on the basis of this function. The possible effect of 

thermall  fluctuations on Hc in the critical fluctuation region will also be discussed. 

Experiments s 

AA series of magnetization measurements has been performed by means of a 

commerciall  Quantum Design (SQUID) MPMS-5S magnetometer at various magnetic 

fieldss between 1000 and 10 000 Oe, applied parallel to the c-axis of the crystal. For 

simplicity,, all the data presented in this study were taken in the ZFC mode. 
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Resultss and discussions 

A.A. Analysis outside the critical region 

Thee analysis of data away from the critical region is performed on the basis of a 

variationall  model proposed by Hao-Clem. According to this model, the reversible 

magnetizationn in an external field along the crystal c-axis is given by [67, 68] 

-AnM-AnM = «f«f22M M »-ƒ: : ++ i - i - / J J f: f: 

+ + 
ƒ--

/ i( 22 + 3S<! ) 

22 [ 2 [BK&  ) 2 + BK& (2 + BK4V
2)\ 

K.ïteK.ïte++ 2B2BKKrVrVBB*ï^*ï^ ++ ?*r} ?*r} 
{fl+lBKf {fl+lBKf 

(3.1) ) 
2K(22K(2 + BK4;)' 

wheree Kn{x) is the modified Bessel function of order n. The variational parameters t,w 

andd f„  represent the effective core radius of the vortex and the depression of order 

parameterr due to overlap of the vortices, respectively. For the high-*: cases (K> 10), 

theyy are connected to the magnetic flux density B = H + 4KM and the G-L parameter, 

K,K, according to the following relations: 

/ - 2 = 1 --
(B\ (B\ 

\\KKJ J 
(3.2) ) 

- i 2 2 

1-2 2 (3.3) ) 

wheree ^v0 = V2/K". With these additional relations, it is easy to see that Eq. (3.1) can n 

bee viewed as an expression for H in terms of B and K. 

Inn Fig. 3.8 (a) the results of the magnetization measurements in various magnetic 

fieldss are presented, after subtracting the paramagnetic background in the normal state. 

Wee note that the data at temperatures close to Tc show a crossing point at 
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Figuree 3.8: (a) Temperature dependence of the magnetization at various magnetic fields, 

appliedapplied parallel to the c-axis of the crystal, (b) A close-up view of the data around Tc, showing 

thethe existence of a unique crossing point at (M ,T) = (-0.43 G, 23.25 K). 

(M(M ,T ) = (-0.43 G, 23.25 K) as described in Fig. 3.8 (b). For the following analysis, we 

startt by choosing for each field a set of M — T data close to Tc, which lie in a linear 

regionn specified by the linear fitting criterion: R = 0.999. The results illustrated in 
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Fig.. 3.9 are limited to certain fields for reasons of clarity. These sets of data fall in the 

temperaturee range of 11.25 < T < 21 K, within the liquid phase of the H — T diagram 

[83].. The (M,T)H data in Fig. 3.9 are then converted into (M,H)T data. From these 

MM — H curves, a set of data points (A/,,//,) (i = 1,2,...) are chosen for each T. 

Introducingg M\ = M,./'4ÏHCI(T) and H'. = H\ /'*J2HCI(T) , one has 

M'/H'M'/H' = MjHt  Thus, using the ratio M,///, from the data, and assuming a certain 

valuee of K, one can solve Eq. (3.1) for B'  Knowing B', M' can be computed and 

hencee Hc. This is done for each (' assuming the same K. The correct value of K( K ) is 

thee one which yields the set of HC[T) with a minimum deviation. Repeating this 

proceduree for each temperature in the temperature range considered yields the 

correspondingg M'(T), H'(T) and temperature-dependent K values. 
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Figuree 3.9: A close-up view of Fig. 3.8 (a) near Tcfor illustration of the linear fits of the data 

usedused for further analysis. 
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Figuree 3.10: (a) Scaling of the M— H curves with respect to v2 HC(T) in the temperature range 

ofof 11.25 <T < 21 K. The solid curve is the theoretical fit of the Hao-Clem model for K = 72. 

TheThe inset shows the nearly constant K value in the same temperature range, (b) The 

magnetizationmagnetization data in the linear region displayed along with the "theoretical" lines 

calculatedcalculated from the resulted V2 HfT) according to MfT) = -J 2 HfT).Mj'(T). 
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Thee result of this analysis, as depicted by the -AKM' versus H' curve, is shown in 

Fig.. 3.10 (a), with the temperature variation of the Ginzburg-Landau parameter ic(T) 

presentedd in the inset. A comparison between the experimental magnetization and the 

correspondingg calculated curves is described in Fig. 3.10 (b). It is clear from 

Fig.. 3.10 (a) that all the data in the temperature range of 11.25 < T < 21 K nicely 

coincidee onto the theoretical curve for K= 72. As shown in the inset, the K value is 

practicallyy constant for this temperature range. The small variation appearing above 

200 K is presumably due to thermal fluctuation effects, which become increasingly 

importantt at T approaching Tc. This is corroborated by the existence of a crossing point 

att T = 23.25 K, right below the onset critical temperature [84] as mentioned earlier. 

Inn this high temperature regime, the accuracy of the analysis is limited by the validity 

off  the model due to enhanced thermal fluctuation effects as previously observed in 

otherr high-7; systems of YBCO-123 [68, 69], YBCO-124 [71], BSCCO-2212 [72], 

BSCCO-22233 [73], the homologous series of HBCCO [74, 75] and Hg(Pb)SCCO-1223 

[76].. We found, however, that the decrease of K with higher T approaching Tc in this 

TT - SmLa0.8Sro.2Cu04-s system is in clear contrast to the behavior observed in the other 

high-7;; systems mentioned above, where an increase in /cis found at approaching Tc. 

Ourr data appear to display a similar ^-dependence of K as in the conventional type-II 

superconductorss [85]. 

Thee values of the thermodynamic critical field, Hc, at each temperature, obtained 

fromm the analysis, are plotted in Fig. 3.11 (a). The solid line is the result of fitting the 

power-laww function HC(T) = Hc(0) [1 - (TIT,)2], with Hc(0) = 1000 Oe and Tc = 23.25 K. 

Thee small deviation at T > 20 K is caused by a linear T-dependence of Ht{T) for 7*= Tv, 

andd may well be a consequence of fluctuation effects. We shall return to this point in 

thee following section. 

Thee next analysis of our data is devoted to the extraction of intrinsic parameters, 

like:: the zero-temperature upper critical field, Hc2(0), the zero-temperature ab-p\sme 

coherencee length, Zah{0) = ^]<$>J[2xH c2{0)\, and the zero-temperature ab-phne 

penetrationn depth, lah{0) = K ĥ(0). The value of Hc2(0) is determined with the 

formulaa given in the Werthamer, Helfand and Hohenberg (WHH) theory [86]: 



58 8 Chapterr 3 

O O 

r< r< 

88 10 12 14 16 18 20 22 24 

T(K) ) 

36000 0 

100 12 14 16 18 20 22 24 

T(K) ) 

Figuree 3.11: (a) Temperature dependence of the thermodynamic critical field, Hc(T),as obtained 

fromfrom applying the variational Hao-Clem model. The solid line is the best fit of a power-law 

functionfunction with HJO) = 1000 Oe and Tc = 23.25 K, see text, (b) Temperature dependence of the 

ab-planeab-plane penetration depth. Xah(T), as obtained from the HJT) curve with a constant 

KK value of 72. The solid line is the best fit of the empirical formula, see text for details. 

HHc2c2{0){0) = -0.69T.{dHc2/dT)T (3.4) 

Thee value of the slope, (dHc2/dT)T = -0.66 x 104 Oe/K, is determined from the 

HHCC(T)(T) curve in Fig. 3.11 (a) through the relation HC2(T) = -JIKHC  This value is 

thenn substituted in Eq. (3.4) to yield the value Hc2(0) = 10.93 x 104 Oe. Further 

applicationn of the expressions for %ab(0) and Xah(Q) results in the values 54.89 A and 

39522 A, respectively. The temperature dependence of Xah is subsequently determined 

fromm the HC(T) curve given the equation HC(T)= KQ>J[2^KX2
ah{T)). The resulting 

XXahah(T)(T) plot for T*- phase SmLao.gSrtnCuĈ is shown in Fig. 3.11 (b) assuming a 

constantt value for the Ginzburg-Landau parameter K ( K = 12). As clearly seen in this 

figure,, the Xah{T) curve is nicely fitted by the empirical formula 
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A(7)/A(0)) = [1 - (T/Tcf]'
] '\ yielding a set of experimental values of A(7) with 

Kb(0)Kb(0) ~ 3653 A , Tc = 24.00 K, and a fractional exponent p = 1.30. It is interesting to 

pointt out that this value of A^(0) is in very good agreement with the previously 

estimatedd value [83], namely Aüè(0) = 3634 A, obtained from the second-peak field 

dataa fitted by the thermal-disorder-induced interlayer-decoupling transition model of 

Daemenn and Glazman-Koshelev [3, 4]. It should be added that a two-fluid model with 

itss characteristic value/? = 4 failed to fit  our data. 

Tablee 3.1: The intrinsic parameters of three different phases of the 214 system: 

T-T- phase La2.xSrxCu04.& T'- phase SmUi5Ce(U5Cu04.& and f- phase SmLal)fiSr02CuO4.& 

Compoundd Tc K Hc(0) Hc2(0) Xab(0) & 6(0) 
[K ]]  [Oe] [ x l 0 4 O e] [A] [A] 

cleann dirty 

La2.xSrxCu04.5(Refs.. 77,78) 
0.11 26.2 
0.1255 32.4 
0.177 35.1 
0.22 29.8 

Sm,.S5Ceo.15Cu04_5(Ref.. 80) 19.7 

SmLao.8Sro.2Cu04_55 24 

T-phase e 

119 9 
85 5 
70 0 
75 5 
T' ' 

77 7 
T* * 

72 2 

1430 0 
1430 0 
2510 0 
2170 0 

-phas ee : 
431 1 

-phase : : 
1000 0 

31 1 
22 2 
32 2 
31 1 

33 3 
23 3 
34 4 
33 3 

6.4 8 8 

10.9 3 3 

440 0 0 
3730 0 
2545 5 
2830 0 

4560 0 

3952 2 

32 2 
38 8 
32 2 
33 3 

59. 2 2 

54.8 9 9 

Ass mentioned in Chapter 1, and 2, the T*- phase SmLa0 8Sro.2Cu04 compound of 

thee 214 family has a unique crystal structure as a hybrid of the T- phase and T'- phase. 

Moree specifically, this structure has two different block layers in one unit cell, namely 

thee insulating Sm202 layer found in the T- phase and the conducting (La,Sr)202-5 layer 

containedd in the T- phase. It is then natural and interesting to compare the intrinsic 

parameterss of the T*- phase with those of T and T' phases. In Table 3.1, a set of 

intrinsicc parameters is presented for La2.xSrxCu04.6 (T- phase) [77, 78], 

Sm,, g5Ceo.i5Cu04.6 (T'- phase) [80] and SmLa0.8Sro.2Cu04.5 (T*- phase), all of them 

obtainedd on the basis of the Hao-Clem model. It is interesting to note from this table 

thatt the intrinsic parameter values of the T*- phase generally lie in between those of the 

T-- phase and the T- phase, although no further regularity is revealed by the available 
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data.. It is clear that this observation must be further scrutinized and substantiated 

beforee a useful theoretical study can be carried out. 

Inn addition to those in-plane parameters, it is interesting to recall the anisotropy 

valuee (y~ 47) previously obtained from the analysis of the irreversibility field data 

[83].. Combined with the in-plane parameters in the Table 3.1, this /value leads to an 

estimatedd c-axis coherence length £.(0) = 1.17 A for our sample. Compared to the large 

effectivee mterlayer distance, .s = 15.50 A [84], this value of £.(0) clearly signifies a 

relativelyy weak interlayer coupling or interlayer coherency of the system, which leads, 

inn turn, to relatively large thermal fluctuation effects at temperatures approaching Tc as 

suggestedd before in our discussions on K{T) and HC(T) atT~ Tc. 

B.B. The scaling analysis in the critical region 

Thee main result of the 2D scaling theory, as formulated by Tesanovic et al. [61], is that 

thee scaling function for the free-energy density FS{B,T) of 2D type-Il superconductors 

inn the critical region around Hc2(T), can be expressed in an explicit closed form: 

BB2 2 

F(BJ)F(BJ) = + F{BJ) (3.5) 
8/r r 

withh F(B,T) given by: 

F(B,T)sQ>F(B,T)sQ>()()=TBf(x)=TBf(x) (3.6) 

where: : 

/(.Y)) = - - x 2 + - W . Y 2 + 2 + sinh",(.Y/V2) (3.7) 

Inn the above expression, .v - At and t = [T - TC{B)]/(TB)] \ while A is a field and 

temperaturee independent coefficient, s is the effective spacing between the 

superconductingg layers and O,, is the flux quantum. Since the magnetization of an 

extremee type-II superconductor near Hc2{T) is negligibly small compared to the applied 

fieldd //, we shall henceforth replace B by H in Eqs. (3.5) and (3.6). Then, taking the 

firstt derivative of F(B,T) with respect to B or 7", and keeping only the leading terms, we 

arrivee at the following scaling function for the magnetization M(H,T): 
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wheree ƒƒ', = \dHc2/dT\ and/'(x) = df(x)/dx. It was further shown in Ref. [61] that 

thiss 2D scaling behavior is characterized by the existence of a fixed crossing point 

(M*,T*)(M*,T*)  with M* = -kBT*/($> ()s), independent of the external field H. This feature, 

whichh is exhibited in Fig. 3.8 (b), has also been demonstrated in a number of high-Tc 

superconductorss [87]. It should be added at this point that the general scaling relation 

off  the magnetization data can be expressed as [61-64]: 

4nM 4nM 
== F {HT){HT)n n 

AAT-T.{H) T-T.{H) 

(HT)(HT)n n (3.9) ) 

wheree F is a scaling function and where the exponent, n, is connected with the 

dimensionalityy of the system D through n = (D - 1)/Z), i.e. n = 1/2 for a 2D system, 

andd n - 2/3 for a 3D system. 

Thee high-field (H > 8000 Oe) magnetization data of our sample are shown in 

Fig.. 3.12 (a), along with the best fit of the theoretical curve expressed by Eq. (3.8). 

AA rather good fit of this curve in the critical region around / = 0 is clearly demonstrated 

inn this figure, confirming the 2D scaling model discussed above. It is important to add 

thatt in view of its relatively low Tc and moderate anisotropy compared with the highly 

anisotropicc high-Tt. system of Bi-2212 [62] and Bi-2223 [61], the critical regime of this 

systemm as measured by the product TcGi [1] (where Gi is the Ginzburg number, 

seee Appendix B) is supposed to be narrower than those of the other above mentioned 

species.. This is manifested by the relatively limited temperature range within which the 

bestt theoretical fit  is obtained around Tc as shown in this figure. In the low-field 

regime,, H < 6000 Oe, however, the data fail to show the distinct scaling characteristics 

ass seen in Fig. 3.12 (b) for the 2D case and in the inset for the 3D case. We suspect that 

thiss behavior is an indication of a possible contribution of a 3D vortex character in the 

low-fieldd regime (ƒƒ < H2D - 6000 Oe). 
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Figuree 3.12: (a) The result of 2D scaling on the magnetization data of a SmLa0SSrn2CuO4_$ 

singlesingle crystal at various magnetic fields above and equal to 8000 Oe. The solid line denotes the 

bestbest fit of the theoretical curve given by Eq. (3.8). (b) The result of 2D scaling for the 

magnetizationmagnetization data of a SmLaanSri)2Cu04.s single crystal in the low-field regime H < 6000 Oe; 

thethe inset shows the corresponding 3D scaling of the data. 
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Figuree 3.13: (a) Temperature dependence of the change in the free energy density 

AG(HJ)AG(HJ) = G/H.T) - Gs(0,T) (closedsymbols) and AF(H,T) = FS(H,T) - F„(HJ)  (open symbols) 

ofof f- phase SmLa0SSr02CuO4.sfor H = 2500 Oe (circles) and 5000 Oe (triangles). The solid 

lineslines are guides to the eye. (b) Temperature dependence of the thermodynamic critical field 

HHCC(T)(T) obtained from a scaling analysis in the critical region (open diamonds). The open circles 

denotedenote the value of HC(T) obtained according to the variational Hao-Clem model from data 

takentaken outside the critical region. 
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Forr a further analysis of the fluctuation effect, an estimated HC(T) curve will be 

deducedd from data in the critical region as follows. Let us first consider for this 

purposee the change in the Gibbs free energy [GS(H,T) - Gv(0,7)] of a superconductor 

duee to the presence of a magnetic field. This is obtained by the following integral, 

H H 

d>G{Hj)d>G{Hj)  = Gs{Hj)-GXüj) = -\M{H'j)dH f (3.10) 
0 0 

Thee energy functions GS(H,T) and GA(0,r) represent the Gibbs free energy at an applied 

fieldfield H and at zero field, respectively. The integral is computed numerically by using 

thee magnetization data presented in Fig. 3.8. The resulting temperature dependence of 

AGG is illustrated in Fig. 3.13 (a) for H = 2500 Oe (solid circles) and 5000 Oe (solid 

triangles).. It is to be noted that G„(H,T) = G„(0,7~) for T> Tc, as M = 0 in the normal 

state.. Next, we consider the difference in the free energy density between the 

superconductingg and normal state AF(H,T) = FS(H,T) - F„(H,T)  in the critical region. 

Thiss is worked out with F{H,T) in Eq. (3.5), and may hence be estimated by means of 

Eqs.. (3.6) and (3.7) using the observed values of T* and M* as well as the results 

TTcc = 23.25 K and Hv{ = 0.66 x 104 Oe/K derived earlier on the basis of Hao-Clem 

model.. The value of A was obtained from fitting the magnetization data at high field 

withh Eq. (3.8). The resulting values for AF for each T around Tc are also plotted in 

Fig.. 3.13 (a) for the same values of H. 

Wee recall now the relationship G{H) = F(H) - B.HIAK which leads to the equation 

GGSS(H,T)(H,T) = G„{H,T)  + AF. With further help of Eq. (3.10), and the definition of AF 

givenn above, this equation can be reshaped into the form: 

G„<0,r)) - G,(0,D = AG(T) - AF(T). Given the well-known definition of Hc expressed 

byy Gn(0,T) - Gv(0,r) = Hc
2(T)/8n, HC(T) can be determined from the AG(T) and AF(T) 

curvess in Fig. 3.13 (a). The resulting HL{T) curve in this critical region is shown in 

Fig.. 3.13 (b) along with the result presented earlier in Fig. 3.11 (a). From this figure, 

onee readily sees the qualitative agreement between the HC(T) curves determined by the 

twoo different methods, both featuring an approximately linear T-dependence. 

Wee observe, however, that the values of HC(T) derived from the Hao-Clem model are 

somewhatt smaller than those obtained from the scaling analysis in the whole 
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temperaturee range examined (the difference is about 10% at T= 20 K). While a more 

accuratee analysis is desirable for a quantitative evaluation, this result may be viewed as 

ann indication of thermal fluctuation effects on the magnetization of our sample in the 

criticall  region. This is consistent with the observed excess diamagnetism due to the 

samee effect [77, 78, 84, 87]. Similar behavior has also been found in Bi2Sr2Ca2Cu3Oio 

[88]]  and HgBa2Ca2Cu3Oy [89]. 

Conclusion n 

Inn summary, we have presented in this section the results of a detailed study on the 

reversiblee magnetization data of a T - phase SmLa0 sSr0 2Cu04_5 single crystal 

(7;onn ~ 24 K). The data in the temperature interval 11.25 < T< 21 K, follow closely the 

Hao-Clemm model with a virtually constant Ginzburg-Landau parameter (K = 72). 

Thiss study also yields a complete set of intrinsic parameters of this system, with their 

valuesvalues lying generally between those of the T- phase La2.xSrxCu04.5 and T'- phase 

SiTi|| xjCeo.isCuO^g. The data in the critical fluctuation region close to Tc or close to the 

HHc2c2{T){T) line, on the other hand, have been analyzed on the basis of a 2D scaling theory 

developedd by Tesanovic et al. and supplemented by further thermodynamic arguments. 

Thee comparison of the resulting HC{T) curve with that obtained according to the 

Hao-Clemm model provides a useful description of thermal fluctuation effects on the 

magnetizationn data in the critical region, in accordance with the occurrence of a 

crossingg point at (M ,T) = (-0.43 G, 23.25 K), right below the onset critical 

temperature. . 
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3.44 Vortex dynamical behavior  across the second-peak field 

transitionn in SmLao.8Sro.2Cu04-ö 

Introductio n n 

Thee understanding of the vortex dynamics in high-7 .̂ superconductors is very important 

fromm a fundamental point of view and highly desirable for various applications of the 

materials.. In contrast to the conventional type-II superconductors, a high-T, 

superconductor,, generally, suffers from a relatively rapid decay of its magnetization 

duee to the relatively high value of Tc and the small activation energy related to the short 

coherencee length and the large anisotropy [90]. These properties lead, in turn, to a 

complexx and intricate magnetic phase diagram. They influence the pinning 

mechanismss as well as the thermodynamic properties of the material [1]. 

Recently,, intensive investigations of these properties were focused particularly to the 

vicinityy of the second-peak (SP) field or its onset field. The occurrence of this SP 

anomalyy is commonly associated with the enhancement of critical current densities in 

thee mid-field regime, separating two regions with different vortex pinning 

characteristicss [91]. 

Inn this section, we report the result of a study on the vortex dynamics in a 

T*-- phase SmLa()KSro2Cu04.g single crystal, based on the temperature- and 

field-dependentt data of the magnetic relaxation. The values of temperature and 

magneticc field have been chosen to span the SP transition region in the H — T phase 

diagram,, as derived from magnetic hysteresis loop measurement, described in 

sectionn 3.2 of this chapter and in Ref. [83]. The experimental value for the 

current-dependentt energy barrier, U(J), is determined following a method proposed by 

Maleyy et at. [92]. The data are then analyzed in terms of the weak-collective-pinning 

(WCP)) theory of Feigefman et al. [93, 94], which predicts an algebraic decay for the 

activationn barrier of the flux creep, U(J), according to: 
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U(J)U(J) = uXjJjY-\\ocJ-" (3.11) 

Inn the limit of J « Jc, this equation features a diverging U as J —> 0. In this equation, 

jljl  and £/r are the glassy exponent and the characteristic pinning energy, respectively. 

Thee three-dimensional (3D) WCP theory [93] predicts a value for fi of 1/7 for 

single-vortexx creep in the low H and T region, a value for fi of 3/2 for creep of small 

bundless in the medium H and T region and of 7/9 for creep of large bundles in the high 

/ /andd T region. However, if the superconducting coherence length along the c-axis is 

smallerr than the distance between the superconducting layers (<£, < s), the flux lines 

decouplee into pancakes which are subject to two-dimensional (2D) pinning. In this case 

thee values for \i of 9/8 and 1/2 have been proposed for single vortex and collective 

vortexx creep, respectively [95, 96]. In a more recent paper on 2D collective vortex 

creepp mentioned above [97], it was shown that fi has the characteristic values of 7/4, 

13/166 and 1/2, for the small, medium and large bundle pinning, respectively. 

Experiments s 

Thee magnetic relaxation measurements were performed using a commercial Quantum 

Designn MPMS-5S magnetometer, with the field applied along the crystal c-axis. 

Priorr to each measurement, the sample was cooled in zero field from a temperature 

abovee Tc (ZFC - mode). In the subsequent applications of the magnetic field H, 

twoo different modes of field sweep were employed, namely the forward-sweep (FS) 

andd reverse-sweep (RS). In the former mode, the field was ramped up to a certain 

HH value at a certain measuring temperature, and kept fixed during the measurement. 

Inn the other mode, the field was initially raised up to a maximum value of 

#maxx (- 50 kOe) in order to ensure full flux penetration into the sample, and then 

loweredd to a certain H value for the measurement. To ensure the full field penetration, 

thee measurement started after about 200 s. The time interval between data points is 

2000 s and the entire time span of each measurement is about 3 hours. 
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Resultss and discussion 

A.A. Temperature dependence of the magnetic relaxation data 

Temperature-dependentt magnetic relaxation data measured in a constant field of 

HH = 500 Oe are presented in Fig. 3.14(a) for the case of FS mode, and in Fig. 3.14 (b) 

forr RS mode. For further analysis, it has become common practice to describe the data 

inn terms of the normalized relaxation rate, S = M0\dM/d\nt), with M0 = A/(200 s), 

denotingg the magnetization value at the beginning of the relaxation measurement. 

Thee resulting S(T) curves from both the FS and RS data are shown in Fig. 3.15, along 

withh the magnetic critical current density, Jcm(T), calculated by means of the relation 

JJcmcm = (6a/b(3a - b))AM for a plate-like geometry of the sample [98]. In this formula, 

aa and b are the sample length and width, respectively, while AM measures the width of 

thee magnetization loop, i.e. the difference in magnetization value between the data 

takenn in FS and RS modes. The shaded area in this figure denotes the SP transition 

region,, which is the focus of our concern. From this figure, one clearly sees the 

asymmetricc behavior between the 5(7) curves corresponding to data taken in the FS 

andd RS modes, which is supposed to signify the surface barrier effect in the sample 

[99],, Specifically, the S(T) curve of the FS data shows a weak valley structure in the 

low-temperaturee regime below the SP transition region up to around 6 K and a large 

broadd peak at temperatures well above the SP region. We note that this behavior, 

namelyy a maximum or double peak feature in S(T) curve, is commonly observed in the 

highly-anisotropicc 2D system such as Bi2Sr2CaCu208 (BSCCO) [98, 100], 

Tl2Ba2CaCu2088 (TBCCO) [101-103] and Nd,.85Ceo.isCu04-5 (NCCO) [104], while the 

relativelyy less-anisotropic 3D system such as YBa2Cu307_6(YBCO) generally display a 

plateauu in the intermediate temperature range; for a review, see Ref. [90]. 

Thee relaxation rate determined from the RS data, on the other hand, shows a 

monotonouslyy rising trend with increasing temperature across the entire region, with a 

muchh lower slope below the SP region. Furthermore, we observe that the Jcm(T) curves 

obtainedd from both the time data sampling (200 s and 10000 s) display nearly the same 

monotonouss down turn with temperature on both sides of the SP transition region. 
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Figuree 3.14: Time-dependent magnetization at H = 500 Oe measured in (a) FS mode at various 

temperaturetemperature between 5 and 18 K, and (b) RS mode at various temperature between 5 and 14 K. 

TheThe lines are guides to the eyes; the temperatures increase with step of I K. 
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Figuree 3.15: Temperature-dependent magnetic relaxation rate, S = M0~ dM/d(ln t), and the 

magneticmagnetic critical current density, Jcm(T), deduced from FS and RS data. The lines are guides to 

thethe eyes. The shaded area denotes the SP transition region. 

Inn the following analysis, the experimental current-dependent activation barrier, 

U(J),U(J), is determined according to a method proposed by Maley et al. [92], namely: 

UUeffeff/k/kBB = -T[\n\dM/dt\ - c] (3.12) 

wheree C is a field-dependent constant. This unknown parameter C, which is assumed 

too be constant for T « Tc, was determined by requiring all segments of Uejf 

correspondingg to different temperatures to lie on a single smooth curve. The result for 

thee FS and RS data are shown separately in Fig. 3.16 as a series of Ueff vs -(M - Meq) 

segments,, corresponding to various temperatures between 5 and 14 K. For a certain 

temperaturee of measurement, the value of equilibrium magnetization, Meq, was 

determinedd as the average of magnetization data taken in FS and RS modes. We found 

thatt the data segments at temperatures below 1 1 K can be scaled onto one common 

curvee after adapting the value of the additive constant C. For the FS data C is taken as 

40,, and for the RS data C is taken to be 36. At higher temperatures, a small increase of 

CC up to C = 45 (40) for the FS (RS) data was found to be necessary in order to produce 
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thee overall scaling for the entire temperature range considered. We note that, a similar 

findingg of the temperature-dependent character of this additive constant C has been 

reportedd in several high-7; systems such as BSCCO [98, 105], TBCCO [102, 103] and 

YBCOO [106], as well as the low-7; systems of NCCO [104] and LaL86Sro.14Cu04.6 

[107].. These results signify a non-negligible temperature dependence of the barrier 

activationn [108] and confirm the limitation of the Maley procedure. 

Thee associated Uef£J) curve, plotted in a semi-log scale is shown in the inset of 

Fig.. 3.16. For both the FS and RS data, the best fit of the low-temperature data below 

111 K by means of Eq. (3.11) leads to the values of Uc = 2100 K, 

JJCC(T=(T= 0) = 2.26 x 104 A/cm2 and fi = 0.07. We note that the value of Jc(0) obtained 

fromm this analysis is comparable with those of the T'- phases Nd| 85Ceo.i5Cu04.5 [104], 

butt apparently smaller than the values reported for the high-7 .̂ cuprate systems 

mentionedd above. Besides, the resulting fi value is close to the aforementioned value of 

1/77 and indicates that the vortex strings are pinned individually at T < 11 K. It is worth 

notingg that the small value of }J. within the WCP model is equivalent to logarithmic 

JJ dependence of the form U{J) - Vc In (JJJ) proposed by Zeldov et al. [109]. 

Further,, the effect of randomly distributed weak pinning centers leads to a finite 

correlationn length, Lc, parallel and perpendicular to the field direction. Thus, vortex 

segmentss of this length along the field direction are pinned independently. A simple 

estimatee of the c-axis collective pinning length can be obtained by the formula 

LLcc
cc = £%ah(J0/Jc) [1, 96], where s is the inverse of the anisotropy parameter /and 

JJ{){)  =40o/[3v3<i;a/,(4/rAu/,)
2J is the depairing current density. For the case of a 

TT - phase SmLao.sSr0 2Cu04.5 single crystal with y = 47 [83] and with an in-plane 

coherencee length £„/,(0) of about 55 A and a penetration depth A„/>(0) of about 3900 A 

[110],, one obtains L\.{T= OK) = 8 A. This value is smaller than the Cu02 interlayer 

spacingg of s ~ 12.6 A [44], implying that the vortex system behaves as a quasi-3D 

objectt (pancake vortices with a finite Josephson coupling) for temperatures T < 11 K 

andd low enough magnetic fields. In this case, the vortex lines are expected to be 

individuallyy pinned, implying the presence of a quasi-3D single vortex pinning regime. 
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Figuree 3.16: Flux creep activation barrier deduced from data recorded using the (a) FS-mode 

andand (b) RS-mode, in the temperature range of 5 to 14 K, determined by the method of Maley et 

aa I. [92]. The inset shows the same data in semi-log plot. The solid lines are the results of fitting 

thethe data to Eq. (3.11). 
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Forr the high-temperature (T > 11 K) data, a similar fitting to Eq. (3.11) yields 

UUcc = 320 K and n ~ 0.20, suggesting a regime of large 2D bundle pinning (/i = 1/2). 

Wee note, however, that this fx value is smaller than the theoretical value of 1/2 

associatedd with large bundle pinning. This difference is presumably due to the 

relativelyy small value of the magnetic field (H = 500 Oe) applied in this experiment. 

Additionally,, the analysis of these high-temperature data might be complicated by the 

geometricc and surface barrier effects, as indicated by the zero-field peaking on the 

descendingg branch of the magnetization loop described previously in section 3.2. 

Givenn the picture of large bundle pinning, it is important to recall that their strong 

pinningg against thermal activation maybe correspond to the effect of their low flux 

densityy gradients in view of their relatively large size, resulting in a low critical current 

densityy Jc. On the other hand, individual vortex lines in the quasi-3D state are weakly 

pinned;; but being small in size, they can sustain relatively high flux density gradients. 

Thus,, the increase of the glassy exponent fi upon temperature variation across the SP 

transitionn region might be attributed to a crossover in the effective dimensionality and 

pinningg mechanisms of the vortex system. In other words, while an individual pinning 

off  the quasi-3D vortex lines dominates the scene below the SP transition region, 

thee collective pinning of 2D vortex pancake features does it more strongly above the 

SPP transition. This argument is consistent with the proposed thermal-disorder-induced 

interlayer-decouplingg scenario for the second-peak field transition in this T*- phase 

SmLao.8Sr0.2Cu04.55 system, as discussed in section 3.2 of this chapter. 

B.B. Field dependence of the magnetic relaxation data 

Thee changes of the magnetic current density, Jcm, at T = 8 K measured as a function of 

thee magnetic field H between r, = 200 s and t2 = 10 000 s are described in Fig. 3.17. 

Thee current density calculated from magnetization loop measured in the hysteresis 

modee is also shown in the same figure as the solid curve. The labels Hp, Hon and Z/sp 

denotee the penetration field, the onset field of the second-peak field and the 

second-peakk field positions determined from the magnetic-hysteresis loop 

measurementt as presented in section 3.2 and in Ref. [83]. It is to be noted that the data 
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Figuree 3.17: The field-dependent magnetic current density calculated from the magnetic 

relaxationrelaxation (Jcm(t]) andJcm(t2)) and magnetic-hysteresis loop data (thicker solid line) at T= 8 K. 

takenn at a different temperature of T= 13 K reveal the same behavior, except near Hon. 

Ass clearly seen from Fig. 3.17, the parameter Jcm(H) follows exactly the variation 

patternn of the magnetic moment according to the hysteresis loop data at the same 

temperature,, as given in Fig. 3.6 of section 3.2. During the relaxation process, 

thee positions of the maximum in the current density, J™x , associated with the 

second-peakk field, //sp, shift correspondingly to lower field following the trend of the 

variationn of Mmax. 

Ass an approximation, the field-dependent barrier activation, U0, has been extracted 

fromm the simple relation: 5"' = UJkBT. The derivative of S with respect to H is written 

ass S' = dSldH. The result is given in Fig. 3.18. As shown, the parameter U„  generally 

increasess at first with H up to a maximum value right below the second-peak field 

regimee (at //sp" = 400 Oe), and then decreases upon further increase of H. 

Thiss descending part of U0 can be roughly fitted by the relation U0~H' ' , resembling 

thee result reported by Pissas et al. [I l l ] on a HgBa2Cu04+§ single-crystalline sample. 

jj i I i . u—. I i i i i I . . 1 1 L 
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Wee shall return to this point in the following paragraph. The S'(H) curves, on the other 

hand,, show a slope change in the vicinity of the SP transition region, marking a 

slowingg down of the relaxation rate for H > Hsp. 
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Figuree 3.18: The field-dependent activation barrier, U„,  calculated using the simple relation 

SS ' = UJkBT, and the derivative ofS with respect to H, S' = dS/dH, at T = 8 K. The solid lines 

throughthrough the data points for U„(H)  curves describe the relation Ua ~ H ~"'7. The broken curves 

representrepresent the S'(H) data for FS and RS data. See text for discussions. 

Fig.. 3.19 (a) presents the typical current-dependent potential barrier, U(J), deduced 

fromm FS data measured at T= 8 K in various fields, while Fig. 3.19 (b) presents the 

samee U values plotted as a logarithmic function of time. From Fig. 3.19 (a) one clearly 

observess a crossover in the slope of \dUldJ\Hj around Hsp ~ 800 Oe, and a 

non-monotonouss dependence of U on H for a constant value of J: U increases with H 

forr H < //sp, while it decreases with H for H > Hsp. It is interesting to mention at this 

point,, that similar non-monotonic behaviors of U(J) have been reported 
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Figuree 3.19: (a) The typical current-dependent potential barrier, U(J), at T = 8 K, measured in 

differentdifferent fields in the FS mode. The open and closed symbols denote the field values below and 

aboveabove Hsp, respectively. The solid lines are the results of fitting the data to equation U(J) ~ J ~>x. 

TheThe inset shows the resulting p values, plotted as a function ofH. (b) The same U values plotted 

asas a logarithmic function of time, for the same H values shown in Fig. (a). See text for 

discussions. discussions. 
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onn single crystals of YBa2Cu307.5 [112], Ndi .85Ce0.i5CuO4.s [113] and 

Bi|.6Pb0.4Sr2CaCu2Og*55 [114]. While the increase of U with H is consistent with the 

collectivee (elastic) creep theory, the decrease of U maybe more aptly described in 

termss of the plastic vortex creep associated with the motion of dislocations in the 

vortexx lattice [112-115]. Additionally, U is shown in Fig. 3.19 (b) to satisfy, 

approximately,, the logarithmic relation: U = kBT \n(t/t0). In this equation, the 

characteristicc time scale, tQ, is proportional to \/[H.\dU/dJ\], implying that U is weakly 

dependentt on H. 

Inn the following, a quantitative analysis of the U{J) data is carried out in order to 

extractt the H dependence of the parameter jx according to WCP theory (Eq. (3.11)), 

namelyy based on the equation U(J) ~ J '**  or /i = -3(ln£/)/8(lnJ). The resulting fi{H) 

curvee for the FS data at 7= 8 K is shown in the inset of Fig. 3.19 (a). Starting from the 

lowestt field of 0.25 kOe, for which ju ~ 0.55, it increases with increasing field, before it 

reachess a maximum value of fi ~ 0.7 at //sp" = 400 Oe, consistent with the prediction of 

thee collective (elastic) creep model for creep of medium or large flux bundles. 

Withh field increasing above Hsp, fl drops rather sharply, reaching a value of fi = 0.2 at 

22 kOe. Within WCP theory, this small /J. value implies an inconceivable crossover to a 

singlee vortex regime (f2 = 1/7), which is expected only for low fields. Thus, one might 

concludee that, beyond the second-peak field, the vortex motion can no longer be 

describedd by collective (elastic) creep theory. Instead, a crossover to plastic creep 

associatedd with the motion of dislocations in the vortex lattice should be considered, as 

proposedd previously by Abulafia et ai [112]. Further, as noted by Giller et al. [113], 

althoughh dislocations start to take place immediately above Hon, plastic creep does not 

dominatee the dynamics until the activation energy for plastic creep, Upl, drops below 

thee activation energy for the collective (elastic) creep, Ueh which is expected to occur 

att a field around the SP transition region. Thus, the location Hsp(T) can be 

approximatelyy determined by the condition of Uel = Upl for the same J value. 

Takingg advantages of its similarity with the motion of dislocations in atomic solids 

[116],, the activation barrier for plastic creep can be expressed as follows [112, 116] 
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U„{.J)U„{.J)  = U)k-Jjij?) (3.13a, 

wheree Jf' is the critical current density corresponding to the plastic motion. 

Thee zero-current activation energy, Upl\ can be estimated as [117]: 

U°U°plpl =££0aoc\/y[B (3.13b) 

Inn this formula, £Q = (<V4TTA)2 is the vortex line tension, and a0 = (O0/5)'2 is the mean 

inter-vortexx distance. Clearly, Up" decreases with increasing field, in agreement with 

thee experimental data described above, although with an exponent of (-0.5) rather than 

(-0.7)) as observed experimentally. Finally, it is nevertheless important to mention that 

thee same value of fi (= 0.7) has also been found in largely different systems such as the 

HgBa2Cu04+55 single crystal as reported by Pissas et al. [111] and YB2Cu307-5 crystals 

reportedd by Abulafia et al. [112]. Obviously, further experimental and theoretical 

studiess are required for the clarification of those discrepancies. 

Conclusion n 

Inn conclusion in this section, we have presented, the results of a study on vortex 

dynamicss across the second-peak field transition in a T - phase SmLao.sSro^CuOŝ 

singlee crystal, by means of temperature- and field-dependent magnetic relaxation 

measurements.. The experimental values for the current-dependent energy barrier, U(J), 

weree determined following a method proposed by Maley et al., and the resulting 

relationss have been analyzed by means of weak collective pinning (WCP) theory. 

Thee results demonstrate a dynamical picture consistent with the thermal-disorder-

inducedd interlayer-decoupling scenario for the second-peak field transition in this 

T*-- phase SmLa0 8Sr02Cu04_5 system, as previously proposed on the basis of magnetic 

hysteresiss loop measurements, described in section 3.2 and in Ref. [83]. 

Additionally,, the field dependence of these relaxation data clearly suggest a crossover 

fromm elastic to plastic vortex creep, in accordance with the change of pinning 

mechanismm and the effective dimension of the vortex system. 
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