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Chapterr  4 

Structurall  instability , 
superconducting g 
andd magnetic properties 
off  T- phase Lai.6_xNd0.4SrxCuO4_5 

4.11 General introduction 

Itt has been widely accepted that the undoped precursor of a cuprate superconductor is 

ann antiferromagnetic Mott-insulator, and that superconductivity is induced by 

appropriatee doping with charge carriers. Generally, the kinetic energy of the mobile 

carrierss in the doped system must compete with the superexchange interaction between 

neighboringg Cu spins [1,2]. Under certain conditions, where the kinetic energy fails to 

overcomee the superexchange interaction, the charge carriers (holes) and spins are 

inclinedd to segregate, giving rise to the observed phenomenon of static 

one-dimensionall  (ID) phase separation between the holes and spins, commonly known 

ass a static stripe structure, associated with the suppression of superconductivity. 

Thee La2.x.yNdySrxCu04.5 compound is a system for which a charge-stripe order 

inducedd by a low-temperature structural phase transition has been reported [3-5]. 

Inn view of the presence of an incomplete 4/^shell of the Nd ions and its coupling with 

thee Cu sublattice, however, the phenomenology is considerably enriched and the 

physicss of this system becomes more complicated [6, 7]. 

Thiss chapter describes some physical properties of the Lai.6_xNdo.4SrxCu04_s (x = 0, 

0.1,, 0.125, 0.2) compounds, covering the temperature- and field-induced structural 
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phasee transformation, the solid vortex-phase in the superconducting state and the 

magnetismm of Nd3*  ions. The Sr-free (x = 0) La2.yNdvCu04̂ ö compound itself is a Mott 

insulatorr that shows long-range antiferromagnetic (AF) ordering of the Cu spins at 

aroundd room temperature. The Néel temperature (7\) as well as the low-temperature 

phasee transitions depend sensitively on the Nd content (y) and oxygen content (5) 

inn the sample [8, 9]. Low-field magnetization measurements of the Sr-doped (x * 0) 

compoundss show, on the other hand, that they are bulk superconductors with a critical 

transitionn occurring at TL ~ 6.5, 3 and 15 K for x = 0.1, 0.125 and 0.2 respectively, 

inn good agreement with the result reported previously by Ichikawa et al. [10]. 

4.22 Temperature- and field-induced structural transition 

inn Lai.6-xNdo.4SrxCu04.ö 

Introductio n n 

Thee structural phase transition in the Laj  6.xNd0 4SrxCu04.ö compound has been 

intensivelyy studied since the observation of a charge-spin stripe phase in 

La].4xNdo.4Sro.i2Cu04.s,, occurring at the same temperature as the low-temperature 

orthorhombic-tetragonall  structural transformation [3-5]. For this particular 

composition,, it has been shown in neutron and x-ray scattering measurements that the 

chargee and magnetic ordering temperatures reach their maximum values, whereas 

superconductivityy is depressed in this composition. This is illustrated in Fig. 4.1, 

whichh describes a rich and complete phase diagram of Lai  6.xNd0.4SrxCuO4.6, including 

thee different structural phases, the charge-spin-ordering as well as superconducting 

phasess [10]. It has been thought that this low-temperature structural transition, that is 

stabilizedd by the Nd substitution, involves a change in the tilting pattern of the Cu06 

octahedra.. This tilting can serve as a pinning potential for the vertical/horizontal charge 

stripes,, leading to a competition between superconductivity and charge-spin stripe 

order. . 
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Figuree 4.1: The phase diagram of LaL6.xNd0.4Sr3CuO4.& TNQR and Tch denote the 'local' and 

'global''global' charge-ordering temperatures obtained from the nuclear-quadrupole resonance (NQR) 

andand neutron/X-ray diffraction studies, respectively. Tm and Tc denote successively the magnetic 

orderingordering and superconducting transition temperatures obtained from neutron diffraction studies 

andand susceptibility measurements, respectively. The shaded area indicates the coexistence ofLTO 

andLTTphasesandLTTphases [10]. 

Dependingg on temperature as well as on hole and rare-earth (Nd) concentrations, 

fourr different phases can be identified in the La2.x.yNdySrxCu04.s system. These are the 

high-temperaturee tetragonal (HTT) phase (space group 14/mmm), the low-temperature 

orthorhombicc (LTO) phase (Bmab), the intermediate second low-temperature 

orthorhombicc (LTOl ) or low-temperature less-orthorhombic (LTLO) phase (Pccn) and 

thee low-temperature tetragonal (LTT) phase {P42/ncm) [11, 12]. Within the 

phenomenologicall  description [13], these phases are characterized in terms of the order 

parameterss Q, and Q2, which measure the til t of the Cu06 octahedra from the [l 10]HTT 

andd [l TO]HTT axis, respectively. The HTT phase is characterized by Q, = Q2 = 0, the 

LTOO phase by Q, * 0, Q2 = 0 or vice versa, the LTOl phase by Q, * 0, Q2 * 0, Q, * Q2 

andd the LTT phase by |Qj| = |Q2| * 0, as schematically presented in Fig. 4.2. 
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Figur ee 4.2: (a) Schematic picture of the Cu06 octahedra tilting, in terms of the order 

parametersparameters Qi and Q2. (b) Tilting of the Cu06 octahedron in the HTT, LTO and LTT phases. 



Structurall  instability, superconduct ing. .. 91 1 

Inn both LTO and LTT phases, the Cu06 octahedrons are tilted with respect to the 

crystallographicc axes by an angle 0> < 5°. The tilt angle <D is roughly the same in the 

LTOO and the LTT phases, while the different directions of the tilt produce different 

bucklingg patterns of the Cu02 plane. In the LTO phase the tilt axis is parallel to 

[ll  10]HTT, and rotates discontinuously by 0 = 45° towards the [100]HTT direction at the 

transitionn into the LTT phase. 

Thee structural phase transition in La16.xNdo.4SrxCu04.5 (x = 0, 0.1, 0.2) single 

crystalss reported in this section is the result of a study by means of specific-heat, 

resistivity,, and magnetic susceptibility measurements. 

Experimental l 

Singlee crystals of Laj  6.xNdo.4SrxCu04.6 (x = 0, 0.1, 0.125, 0.2) were grown using the 

travelling-solventt floating-zone (TSFZ) method in a four-mirror furnace. 

Forr simplicity, the four samples of Lai.6_xNdo.4SrxCu04.5 are named by Sr-0.00 for 

xx - 0, Sr-0.10 for x = 0.1, Sr-0.125 for x = 0.125, and Sr-0.20 for x = 0.2. Samples of 

variouss sizes were prepared for different measurements by cutting the as-grown crystal 

boulee in air. 

Thee electrical resistance measurements were carried out by means of the standard 

four-pointt method using a low-excitation Linear Research LR-700 ac-resistance bridge. 

Thee normal-state magnetic susceptibility measurements were conducted by means of a 

commerciall  Quantum Design MPMS-5S magnetometer. The data were taken in the 

ZFCC and FC modes using a scan length of 4 cm. The specific heat was measured using 

aa relaxation method, by means of a commercial Quantum Design PPMS 

magnetometer.. These measurements were performed in the temperature range of 1.6 to 

3000 K with different temperature steps and in different applied fields. In order to refine 

thee data at temperatures around the structural phase transitions, the measurements have 

beenn repeated several times at each of those temperatures. 
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Resultss and discussion 

A.A. Th ermal and transport properties 

Thee result of zero-field specific-heat measurements for the as-grown Sr-0.00, Sr-0.10 

andd Sr-0.20 samples are given in Figs. 4.3 (a), 4.4 (a) and 4.5 (a). The data clearly 

showw an anomaly at temperatures around TLT: (70 - 85) K, 65 K and 82 K for the 

Sr-0.00,, Sr-0.10 and Sr-0.20 samples, respectively, corresponding to the 

LTOO - LTT(LTO 1) structural transformation. These transition temperatures are in good 

agreementt with the phase diagram shown in Fig. 4.1. Apparently, the magnitude of the 

anomalyy decreases monotonically in those samples in the order of Sr-0.10, Sr-0.20, and 

Sr-0.00.. It is to be noted that the structural phase transition in the Sr-0.00 sample 

revealedd by the cIT data in Fig. 4.3 (a) seems to take place in a rather broad 

temperaturee range, which might be due to the gradual nature of this transition, 

ass commonly found in samples with an excessive oxygen content [8]. A distinct sign of 

thiss transition is, on the other hand, clearly indicated by the specific-heat data 

presentedd in Fig. 4.4 (a) for the Sr-0.10 sample. 

Thee enthalpy changes due to this structural transformation, AH, can be calculated 

fromm the area under the AcIT vs T curve according to the relation AS = \{Ac/T)dT, 

wheree the integration is taken over the temperature range around the anomaly. With Ac 

representingg the specific-heat anomaly extracted from the data after subtraction of the 

smoothh background, we obtained AH = AS.TLT - 16.25 J/mol for Sr-0.10 and 

AHAH » 2.36 J/mol for Sr-0.20. It should be noted that the same analysis could not be 

donee for Sr-0.00 due to the second-order nature of the transition. This second-order 

(continuous)) LTO - LTOl transformation, which occurs in oxygen excess materials, 

becomess nearly or distinctly first-order (discontinuous) in the reduced materials [8], 

Comparingg the resulting AH values with the "universal line" given by Werner et al. 

[14]]  as described in Fig. 4.6, we predict the HTT - LTO transition temperature to be in 

thee region of Tm * 450 K for Sr-0.10 and Tm * 275 K for Sr-0.20. The latter value is in 

goodd agreement with the result from resistivity measurements as will be described in 
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thee following paragraph. This transition, however, could not be detected in our 

specific-heatt  measurement. 
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Figuree 4.3: The temperature dependence of (a) heat capacity and (b) magnetic susceptibility of 

thethe as-grown Sr-0.00 sample. The arrows indicate the structural phase transition. 
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Figuree 4.4: The temperature dependence of (a) heat capacity, (b) electrical resistivity and 

(c)(c) magnetic susceptibility of the as-grown Sr-0.10 sample. The arrows indicate the structural 

phasephase transition. These susceptibility measurements have been taken in a field of 10 kOe, by 

whichwhich the superconductivity is suppressed 
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Figuree 4.5: The temperature dependence of (a) heat capacity, (b) electrical resistivity and 

(c)(c) magnetic susceptibility of the as-grown Sr-0.20 sample. The arrows indicate the structural 

phasephase transition. 
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Figuree 4.6: Discontinuity of the enthalpy across the LTO - LTT(LTOl) transition as a function 

ofof the corresponding value for THT. The dashed line is a guide to the eye, which also presents the 

"universal"universal line "proposed by Werner et al. [14]. 

Wee now turn our attention to the transport data. The resistivity of the Sr-0.10 

samplee as shown in the inset of Fig. 4.4 (b) shows a metallic temperature dependence 

off  pab {dpIdT > 0) at high temperatures. The resistivity changes sharply into a 

semiconductor-likee behavior below the structural transition temperature (TLJ » 65 K), 

followedd by a broad superconducting transition at temperatures below 8 K. The pc(T) 

curve,, on the other hand, shows semiconductor-like behavior in the entire temperature 

rangee of the measurement, and a steep upturn below rLT similar to pab. The paéJ) 

curvee of the Sr-0.20 sample is clearly dominated by a metallic behavior in the 

temperaturee range above 40 K. A subtle low-temperature structural transition around 

TLTT « 82 K, presumably from LTO to a mixture between LTO and LTT phases, is 

indicatedd by a slight upshift in the pc curve below this temperature. In addition to that, 

thee high-temperature pc(T) curve also shows a kink at a temperature around 270 K, in 

agreementt with a previous report by Nakamura et al. [12]. Based on the results of a 

recentt room-temperature XRD analysis [15], we argue that this transition corresponds 

too the vanishing of the orthorhombicity or orthorhombic strain, resulting in the 
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orthorhombicc crystal structure at lower temperature (< 270 K). We note, however, that 

thee pab values of our Sr-0.10 and Sr-0.20 samples are smaller than those reported by 

Ichikawaa et al. [10], and probably show some dependence on Nd concentration. 

Further,, the low-temperature upturn of pab, observed in Fig. 4.4 (b) and 4.5 (b) for the 

presentt samples, might be related to a tendency for localization of the electronic states 

ass a consequence of the tilting of the Cu06 octahedra [12]. 

B.B. Magnetic properties 

Ignoringg the in-plane anisotropy, the temperature dependence of the normal-state 

susceptibility,, Xab = MIH (i///<10O>r»3O0K or ////<010>TV3OOK) and 

XcXc = MIH (////<001>rB3ooK), measured in a field of 10 kOe for Sr-0.00, Sr-0.10 and of 

500 kOe for Sr-0.20 are shown in Figs. 4.3 (c), 4.4 (c) and 4.5 (c) for the data measured 

inn the ZFC-mode below ~ 100 K. The complete data are presented in Fig. 4.7 (i). 

Thee magnetization data, shown in these figures, exhibit an anisotropy with xJXab = 1-5 

att room temperature for all samples, in good agreement with a previous report by 

Sakitaa et al. [16]. From these figures, it is clear that there is no appreciable influence of 

thee structural change in the Xc(T) curve. The Xab{T) curves are marked by a 

discontinuityy and hysteretic behavior (between the data taken in the ZFC and FC 

modes)) at around TLT in Sr-0.10 and Sr-0.20 samples. This seems to be correlated with 

theirr specific-heat anomalies, discussed earlier. 

Forr a further analysis of the susceptibility behavior, the data are presented as 

XX"*"*  vs T curves in Fig. 4.7 (ii) . It is clear that the Xc\T) curves display a Curie-Weiss 

likee behavior, implying that the c-axis components of the Nd spins (Sz) behave as free 

spinss right through TLJ. The Xab\T) curves, on the other hand, are consistent with 

Curie-Weisss behavior only above -100 K, and become flattened below this 

temperaturee as typically found in an antiferromagnet. This change of behavior seems to 

implyy that the in-plane components of the Nd spins (Sx and Sy) are more sensitively 

influencedd by the gradual ordering of the Cu spins below TLT. It is interesting to note 

further,, that the inverse susceptibility, x ~\T), in all directions feature practically the 
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Figuree 4.7: Tfe temperature dependence of (i) susceptibility and (ii) inverse susceptibility of 

(a)(a) Sr-0.00, (b) Sr-0.10 and (c) Sr-0.20 samples, measured in an applied magnetic field parallel 

(Xab)(Xab) and perpendicular (xJ to the ab-plane. The solid lines are the linear fit to the x CO data 

inin the temperature range of 100 < T <350 K. 
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samee slope for T> 100 K, irrespective of the magnetic field direction. Below 100 K, 

however,, the curves exhibit the anisotropic crystalline electric field (CEF) effect, 

whichh can be taken into account by the following expression, 

ii  _ i T-e 
W)'W)' Zcr(T) + ~C^~ (41) 

wheree 0 is the paramagnetic Curie-Weiss temperature, and C w = N//L /3kB is a 

Curiee constant of the Nd3+ ions with the parameter N denoting the number of Nd3+ ions 

perr mole, fieff is the effective magnetic moment of the Nd3+ ion, while kB is the 

Boltzmannn constant. The results of a linear fitting of this expression with the x '(^) 

dataa in the temperature regime above 100 K are tabulated in Table 4.1. It is seen from 

thiss table that the values for the effective moment tend to increase with increasing Sr 

content,, and that they are larger than the free-ion value of /neff = \j{j  +1)]1/2 gy jj,B = 

3.622 jjg. These results are comparable with results given in previous reports by 

Tranquadaa et al. [5], Sakita et al. [16] and Xu et al. [17]. 

Tablee 4.1: The values of the effective magnetic moment, jue/f, and the Curie-Weiss temperature, 

0,, determined from a linear fit of Eq. (4.1) with Xab <™d Xc data in the temperature range of 

100<T<350K. 100<T<350K. 

La^Ndo^S^CuCVs s 

Sr-0.00 0 

Sr-0.10 0 

Sr-0.20 0 

Hll{ab) Hll{ab) 

Meff,abMeff,ab ®ab 

[/Vionn Nd3+] [K] 

3.911 146.61 

4.300 225.53 

4.466 242.21 

Hllc Hllc 

Heff.cHeff.c ®c 

[/Wionn Nd3+] [K] 

3.977 -11.84 

3.944 -18.06 

4.211 -16.94 

Thee isothermal magnetic-hysteresis loop measurements of the Sr-0.00 sample, 

ass depicted in Fig. 4.8, show that this sample is weakly ferromagnetic at low 

temperatures,, i.e. below 10 K, as a result of the antisymmetric Dzyaloshinskii-Moriya 

(DM)) interaction between the Cu spins [7, 18]. It is to be noted that the onset 

temperaturee of this weak ferromagnetic behavior depends on the oxygen content in the 
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samplee [8]. An onset temperature up to 30 K has been reported by Crawford et al. [8] 

forr a sample with reduced oxygen content. 

- 3 - 2 - 1 00 1 2 3 -1.0 -0.5 0.0 0.5 1.0 

H(10kOe)) H(10kOe) 

Figuree 4.8: Isothermal magnetic-hysteresis loop of the Sr-0.00 sample, measured at T = 2 K and 

55 K in magnetic field applied along (a) ab-plane and (b) c-axis of the crystal. 

Thee unusual magnetic field effect on the LTO - LTT(LTOl) structural 

transformationn is corroborated by the result of field-dependent specific-heat 

measurementss given in Fig. 4.9 for the Sr-0.10 sample. Our experimental data at a 

maximumm applied field of 90 kOe reveal a shift in the transition temperature (A7LT) 

andd a change in the associated entropy jump. We observed further, that the relative 

shiftt in temperature of the maximum of the anomaly depends on the field direction 

(//aè-planee or //c-axis), both in magnitude and sign. Although the precise value of A7LT 

fromm our data and that reported by Xu et al. [17] differ, the trend we observe is 

consistentt in that an in-plane field Hll{a,b) leads to an increase of TLT, while a 

perpendicularr field (H//c) tends to reduce TLj. Based on the magnetoresistance 

measurement,, they reported that a maximum applied field of 140 kOe yields a shift of 

ArLTT ~ +0.25 K for Hll(a,b), which changes sign with a slightly smaller value for Hllc. 

Thiss behavior constitutes evidence for the coupling between the low-temperature 
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structurall  phase transition and the associated spin structure [12, 17]. A Cu spin-

reorientationn transition followed by weak ferromagnetism at lower temperature, 

inducedd by the low-temperature LTO - LTT(LTOl) transition, has also been observed 

inn Sr-free La2.yNdyCu04+5 [8, 9]. 
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Figuree 4.9: The opposing shift of the specific-heat anomaly in the Sr-0.10 sample measured at 

twotwo different field configurations with an applied field of 90 kOe. 

Conclusion n 

Inn conclusion, we have presented in this study the results of an investigation on the 

structurall  phase transformations in Lai  6.xNdo.4SrxCu04.6 (x = 0, 0.1, 0.2) single crystals 

andd on related effects in the electrical transport, magnetic and thermal properties of 

thesee systems. The transition temperatures of the LTO - LTT(LTOl) structural 

transformation,, determined on the basis of specific-heat, resistivity and magnetic 

susceptibilityy measurements are in good agreement with previous reports. 

Itt is important to point out in this connection that our experimental results exhibit a 

consistentt occurrence of the structural transition in the three different data sets 
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{f(T),{f(T), x(T), and c(T)}, measured separately. Further, these signs of the structural 

transitionn observed in the x = 0.1 sample are considerably stronger than those found in 

thee x = 0.2 sample, which may be related to the proximity of the x = 0.1 to the 

"magicc number" of x = 0.125. It should be added, that an effect of anisotropy is clearly 

evidencedd in our data, including those parts showing the anomalous phenomena at the 

structurall  transition temperatures. 

4.33 Solid-vortex states in superconducting Lai.6-xNdo.4SrxCu04-6 

Introductio n n 

Thee complex magnetic phase diagram in the mixed state of the cuprate 

superconductorss has been an interesting subject of study from theoretical as well as 

experimentall  points of view. In this state, the structure and characteristics of the vortex 

systemm are determined by a competition between elastic, pinning and thermal energies. 

Ass a result, the behavior of the corresponding vortex ensemble is represented by a 

complexx function of temperature, magnetic field as well as the degrees of disorder and 

anisotropyy of the system [19]. This behavior is best characterized by the associated 

phasee diagram. We report in this section the H - T phase diagram of 

Lali6.xNdo.4SrxCu04.66 (x = 0.1, 0.2) single crystals constructed from magnetization data 

obtainedd in magnetic field parallel to the c-axis. A phase diagram determined from the 

irreversibilityy line of this system was reported previously for the specific composition 

off  Lai45Ndo4Sr0i5Cu04.ö (x = 0.15) [20]. The present work is undertaken to 

complementt that study and to develop an evolutionary picture of the vortex 

characteristicss with respect to variations of the doping concentration. 

Experiments s 

AA series of isothermal magnetic-hysteresis measurements was performed by means of a 

commerciall  Quantum Design MPMS-5S magnetometer, with the external magnetic 

fieldd applied parallel to the crystal c-axis and using a scan length of 4 cm. Each 
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measurementt started after cooling the sample from a temperature above Tc in zero-field 

(ZFCC - mode) to the pre-determined temperature. 

•• • i • • > • i 
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Figuree 4.10: Typical temperature-dependent magnetization of the La/ 5Nd04Sr0jCuO4,g 

(Sr-0.10),(Sr-0.10), La,475Ndo,4Sr„j 2SCu04.g (Sr-0.125) [20] and Lal4Nd04Sr02CuO4.s (Sr-0.20) samples, 

measuredmeasured infields below 10 Oe parallel to the crystal c-axis. 

Resultss and Discussion 

Thee temperature-dependent low-field magnetization for the as-grown Sr-0.10, Sr-0.125 

andd Sr-0.20 crystals are described in Fig. 4.10. This figure indicates the temperatures 

off  the superconducting transition (Tc) at 6.5 K for Sr-0.10, 3 K for Sr-0.125 and 15 K 

forr Sr-0.20, with ATC « 2 K for all samples. The Meissner volume fractions estimated 

fromm the data after subtracting the paramagnetic background are about 45% for the 

Sr-0.100 sample, 10% for the Sr-0.125 sample, and less than 5% for the Sr-0.20 sample. 

Further,, the anisotropy parameter estimated from the resistivity measurement at 

T**  300 K, yields the values y~ 96 for Sr-0.10 and ^«25 for Sr-0.20. Combined with 

thee Cu02 interlayer distance of 13.1 A [5], these y values lead to 
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aa dimensional crossover  field, H2D, of about 1300 Oe for  Sr-0.10 and 

200 kOe for  Sr-0.20. 

t | i l l > | l l l i | t f » f | t t t l | l l i i | | 

(a)) Sr-0.10 Hirri 
H . . 

5000 1000 1500 2000 2500 

H(Oe) ) 

2000 400 600 800 1000 

H(Oe) ) 

Figuree 4.11: Isothermal magnetic-hysteresis loop of the Sr-0.10 crystal measured at various 

temperaturestemperatures in the range 2.5 - 4.5 K (a) and 5 - 7 K (b). The penetration field, Hp, 

thethe second-peak field, Hsp, and the irreversibility field, Hirn are indicated by the arrowheads. 
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Figuree 4.12: (a) Isothermal magnetic-hysteresis loop of the Sr-0.20 crystal measured at various 

temperaturestemperatures between 5 and 16 K. The penetration field, Hp, and the irreversibility field, Hirr , are 

indicatedindicated by the arrowheads, (b) Scaling of the M(H)T curve with respect to the magnetic field 

andand magnetic moment at the first penetration point (Hp,Mp). See text for discussion. 

Figuress 4.11 and 4.12 present the results of the isothermal magnetization-loop 

measurementt of the two samples. The data for Sr-0.10 reveal the fishtail-like effect in 

thee upper branch of the loop as a peak (indicated by the arrowheads in Fig. 4.11) to the 
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rightright of the first peak at a field close to zero. It is interesting to note that this effect also 

occurss in the same system for other compositions, namely Lai.45Ndo.4Sro.i5Cu04.6 

(Sr-0.15)) [20] and Laj^sNdo^Sro.^sCuÔ (Sr-0.125) [21]. On the other hand, the 

samee effect is ostensibly absent in the Sr-0.20 sample, see Fig. 4.12 (a). We have, 

accordingly,, identified the penetration field (Hp) of the two samples as the field at 

minimumm magnetization in the lower branch, while the second-peak field (//sp) of the 

Sr-0.100 sample is determined from its upper branch curve. 

Next,, the scaling procedure, introduced previously by Dewhurst et al. [22], is 

appliedd to the M{H)T curves of Sr-0.20. For this purpose, the magnetization curves at 

eachh temperatures are scaled by the magnetic field and magnetic moment at the first 

penetrationn point (HP,MP)>  as indicated in the figure. The result of this scaling treatment 

iss depicted in Fig. 4.12 (b), which shows a remarkable scaling behavior over the 

relativelyy wide temperature range below 10 K in the relatively limited low-field 

regime.. It is interesting to recall in this connection that the scaling behavior in the 

Bi2Sr2CaCu20gg [22] and Ndi.gsCeojsCuÔ [23] crystals is also observed in the 

temperaturee regime where the second-peak effect does not appear. The associated 

magnetizationn curves do not display a symmetry between their two branches due to the 

diminishingg role of bulk pinning. The asymmetric shape of the magnetization curves 

observedd in Fig. 4.12 (a) is in clear contrast to the more symmetric shape displayed by 

thosee curves exhibiting the second-peak effect in Fig. 4.11 where the bulk pinning 

effectt is supposed to be dominant. 

Forr comparison of the data with the existing models, the temperature-dependent 

characteristicc fields consisting of H2D, HP{T), H^{T) and Hin(T), determined from the 

previouss figures, are plotted in a semi-logarithmic H-T phase diagram. The resulting 

phasee boundaries, separating the entire solid phase area into a number of distinct 

regions,, are presented in Fig. 4.13 (a) and (b) for the Sr-0.10 and Sr-0.20 samples 

respectively.. Focusing on Fig. 4.13 (a) it is found that the low-temperature penetration 

fieldfield of the Sr-0.10 sample is very well described by the 2D version of the surface 

barrierr model [24] represented by a functional form: HP(T) = Hc exp(-T/T0), with 

HHcc = 540 Oe and T0 = 2.7 K. We find that this function starts to deviate from the data 

pointss at higher temperatures (T > 5.5 K). In that temperature regime, the data can 
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Figuree 4.13: H - T phase diagram of (a) Sr-0.10 and (b) Sr-0.20 crystals, showing the 
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discussions. discussions. 
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betterr be fitted with a geometrical barrier model [25], leading to a penetration field, Hp, 

havingg a temperature dependence given by: HP{T) = Hp(0) (1 - 777V), with 

HHpp(0)(0) = 250 Oe and Tc = 7.8 K. The second-peak-field data of the Sr-0.10 sample are 

closelyy represented by a function of the form: H,P(T) = //sp(0) exp(-or777;.), with 

77sp(0)) * 3 kOe and a = 5.5, as reported in previous analyses of a Tl-based single 

crystall  [26, 27] and of (Bi,Pb)2Sr2CaCu2Ox<6 [28] and T*- phase SmLa<, sSr0.2CuO4-* 

[29]]  samples. We observe that the second-peak field in this particular compound 

disappearss at T> 5.5 K, well below 7,, in conformity with a general trend exhibited by 

sampless with a large electronic anisotropy [29]. The irreversibility line, Hm(T), in the 

high-temperaturee (T> 4 K) and lower-field (H < H2D) regions displays an excellent fit 

too a power-law expression of the form: H]n(T) = //irr(0) (1 - T/Tc) ' with 

H-H-mm(0)(0) = 3370 Oe and Tc = 7.8 K, confirming the dominance of thermal effects 

[30,, 31]. The data for H > H2D and 7< 4 K are consistent with an exponential function 

off  the form: 7Y]rr(7) = Hm exp(k/T), with Hm = 630 Oe and k = 3.45 K. It implies 

aa change in curvature with respect to that of the adjoining curve at lower field 

ass reported also in the case of Bi2Sr2CaCu20, [32-36]. Tl2Ba2Cu06 [26], T'- phase 

NdLHsCenjsCuÔ^ [23], and T*- phase SmLao.sSro.2Cu04-6 [29]. Despite the limited 

amountt of data available at H > 7/2D, this result is nonetheless consistent with the 

quasi-2DD Josephson-coupled layered superconductor (JCLS) model with moderate 

anisotropyy [32]. 

Wee turn our attention now to Fig. 4.13 (b) which differs obviously from 

Fig.. 4.13 (a) by the absence of the second-peak curve. It is understood that the fishtail 

effectt is. generally, associated with the transition between the ordered vortex 

quasi-latticee and the disordered (entangled) or less-strongly-pinned vortex-glass states. 

Thee absence of this transition in the Sr-0.20 sample is presumably inhibited by a very 

strongg pinning induced by the higher Sr doping level as indicated by the unusually 

largee hysteresis in the normalized magnetization curves. This strong bulk-pinning 

effectt is supposed to prevent the formation of the quasi-vortex-lattice phase. The data 

off  the penetration field for T < 10 K are nicely described by the functional form: 

HHPP(T)(T) = Hc exp(-r/ro), with Hc = 15 kOe and T0 = 4.4 K, indicating a 



Structurall  instability, superconducting... 109 

2DD surface-barrier character [24]. A distinct deviation from this function is indicated 

byy the data at T > 10 K, where they are better described by the function: 

HHPP(T)(T) ~ Ha (Tc - T)i2/T of the quasi-3D version of the surface-barrier model [24], with 

7/aa = 720 Oe and Tc - 16.6 K. It is important to point out in this connection that the 

temperaturee region where the M - H curves in Fig. 4.12 (b) scale nicely is roughly 

congruentt with the temperature range where the Hp{T) data are fitted by the 

2DD surface-barrier model, signifying the effect of decoupled 2D pancake vortices in the 

lower-temperaturee region. The irreversibility field of this sample, on the other hand, 

showss a temperature dependence that can be fitted by a single functional form: 

Hirr(T)Hirr(T)  = //irr(0) (1 - T/T() ' , in the whole temperature range of measurement (5-16 K), 

withh //jrr(0) = 70 kOe and Tc = 17.8 K. There is no change in curvature at H2D, which is 

inn clear contrast to the case of the Sr-0.10 sample. These different behaviors are most 

likelyy related to a considerably lower anisotropy (y * 25) of the Sr-0.20 sample 

comparedd to that of the Sr-0.10 sample (7*  96). 

Conclusion n 

Wee have presented in this section the solid-vortex phase diagram of a superconducting 

Lai.6.xNdo.4SrxCu04.öö (x = 0.1, 0.2) single crystal as constructed from magnetization 

dataa for fields parallel to the c-axis. The magnetization curves of the Sr-0.10 sample 

reveall  the existence of the fishtail-like effect, observed at other compositions of 

xx = 0.15 and x = 0.125 as well, but clearly absent in the Sr-0.20 sample. The absence of 

thiss effect in the Sr-0.20 sample is attributed to disorder-induced relatively strong 

pinningg in this sample, resulting in a suppression of the vortex-lattice phase. 

Furtherr analysis of the associated phase diagram of the Sr-0.10 sample shows a sign 

reversall  in the curvature of the irreversibility line at around H2D, indicating the 2D 

meltingg at higher fields. On the other hand, a single irreversibility line is shown to 

describee the Hm(T) data for the Sr-0.20 sample over the entire measurement range, 

indicatingg the lack of vortex-line decoupling effects at Hm and corroborating the 

suggestedd strong pinning-induced reduction of anisotropy in this sample. 
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4.44 Doping and field effects on the lowest Kramers doublet 

splittin gg in Lai.6-xNdo.4SrxCu04̂  

Introductio n n 

Thee magnetic studies on the La2.x-yNdySrxCu04̂  system have been conducted in this 

experimentt with the expected important role in mind of the electronic energy level 

schemee in the incomplete 4/Lshell of the Nd3+ ions. The Nd3+ ion with the electronic 

configurationn [Xe] 5s2 5p6 4/ is a Kramers ion [37], with its lowest multiplet specified 

accordingg to Hund's rule by \ ! 2 corresponding to J= 9/2, S = 3/2, L = 6, and a Lande 

factorr of gj = 8/11. The electronic state of the 4/ion is inevitably affected by the 

surroundingg electric field. As a consequence, the degeneracy of the electronic ground 

statee energy in its isolated state is lifted in the crystal, resulting in a different 

charge-inducedd ground state of the 4/ subsystem, known as due to the crystalline 

electricc field (CEF) effect [38]. For the special case of the La:_x_yNdySrxCu04.6 crystal, 

thee 10-fold degenerate ground state multiplet \LSJ) of the Nd3+ ions is split with 

respectt to Jz into five Kramers doublets under the influence of the CEF effect. An 

intensivee CEF studies for this particular system has been recently reported in Ref. [7]. 

Duee to the strong shielding by the outer 55 and 5p electrons, the CEF effect can, 

inn general, be treated merely as a perturbation to the free-ion 4/state in the formulation 

off  a theoretical model. Additionally, the ionic magnetic moment is also commonly 

consideredd to be localized at the lattice site. Further, neutron-scattering experiments 

havee revealed that the lowest excited doublet lies approximately 200 K above the first 

doublett [6]. Therefore, at temperatures below 30 K, the higher lying doublets are 

ignoredd in the study of the energy splitting of the lowest Kramers doublet under the 

influencee of exchange and Zeeman interactions. It is well known that the electronic 

energyy structure wil l generally affect the electronic specific heat of the system. 

Thee study of these doublet-splitting mechanisms reported here is performed by 

measuringg and analyzing the field-dependent specific-heat data at different Sr-doping 

levels. . 
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Experiments s 

Thee specific-heat measurements were carried out using a relaxation method with a 

commerciall  Quantum Design PPMS magnetometer. Each data set was collected in the 

temperaturee range of 1.6 to 30 K, at different magnetic fields of 0, 50, 70 and 90 kOe 

appliedd parallel to the crystal c-axis for the Sr-0.00 and Sr-0.10 samples, while the 

Sr-0.200 sample was measured only in zero field. 

Resultss and discussion 

Figuree 4.14 presents the result of specific-heat measurements of the as-grown Sr-0.00, 

Sr-0.100 and Sr-0.20 single crystalline samples. These data have been corrected from 

thee background contributions associated with sample holder and grease (addenda). 

Ass shown by the data in this figure, the low-temperature data are dominated by 

contributionss from the Nd3+ ions, featured by a Schottky-type of peak due to the 

enhancedd ordering of the Nd3+ magnetic moments at lower temperature as revealed in 

thee magnetic susceptibility measurements described in section 4.2 of this chapter. 

Inn particular, the very sharp upturn at temperature below 5 K, as revealed by the 

zero-fieldd data, clearly indicates the effect of enhanced exchange interactions between 

thee ordered magnetic moments of the Nd ions and those of the Cu sublattice. This peak 

iss shifted to higher temperatures for larger fields. The observation of such a 

low-temperaturee Schottky-type of behavior has also been reported before for 

isostructurall  T'- phase Nd2.xCexCu04_5 [39, 40]. On the other hand, the specific-heat 

dataa of other high-7c systems such as YBa2Cu307.6 (YBCO) deviate from this behavior 

[41],, due to the absence of 4/electrons in the system. 

Beforee proceeding with a detailed analysis of the data, let us recall the various 

physicall  sources of contributions to the specific heat. The first of these is the lattice 

effectss consisting of Debye and Einstein contributions that both increase monotonically 

withh temperature. At higher temperatures, higher order terms in temperature (oc T6 and 

TT),), indicating deviations from the low-temperature Debye specific heat, may also have 

too be considered. The second type of contributions is electronic in nature, consisting of 
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Figur ee 4.14: Temperature-dependent specific-heat data for the as-grown (a) Sr-0.00, (b) Sr-0.10 

andand (c) Sr-0.20 samples. The solid lines are the result of fitting by means ofEq. (4.2). 
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aa linear temperature-dependent electronic contribution as present in normal metals, the 

Schottkyy term arising from the Kramers doublet splitting, as well as possible 

contributionss associated with the existence of lines of nodes in the energy gap function 

expectedd in a d-wave superconductor [42, 43]. This last contribution is composed of a 

field-field- and temperature-dependent term of the form: ~ V / / T [42] and a zero-field term 

quadraticc in temperature [43]. An additional electronic contribution may arise from the 

conventionall  (s-wave) superconducting state as usually indicated by the presence of a 

largee discontinuity at Tc. It should be stressed that contributions to the specific heat 

relatedd to superconductivity are hardly observable and that among the other 

contributions,, the Schottky effect, if it does exist, may play a dominant role at low 

temperaturess and is the only contribution exhibiting a non-monotonic variation with 

temperature. . 

Tablee 4.2: Resumé of parameter values resulting from fitting Eq. (4.2) to the specific-heat data 

forfor the Sr-0.00, Sr-0.10 and Sr-0.20 samples at different field strengths. 

Samplee name 

Sr-0.00 0 

Sr-0.10 0 

Sr-0.20 0 

H H 

[kOe] ] 

0 0 

50 0 

70 0 

90 0 

0 0 

50 0 

70 0 

90 0 

0 0 

0D D 

] ] 

346 6 

346 6 

345 5 

346 6 

343 3 

346 6 

346 6 

340 0 

345 5 

TTE E 

] ] 

83 3 

82 2 

83 3 

83 3 

95 5 

93 3 

93 3 

100 0 

95 5 

A A 

[K ] ] 

2.77 + 0.1 

17.00 2 

22.99 3 

28.88 4 

1.44 1 

16.33 2 

23.44 3 

31.33 3 

1.11 2 

x2 2 

(%) ) 

3.70 0 

3.24 4 

2.80 0 

3.32 2 

1.91 1 

4.07 7 

6.62 2 

3.63 3 

0.64 4 
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Inn our analyses, each data set was individually fitted to a variety of theoretical 

curvess representing different combinations of those contributions with closest 

resemblancee to the clT — T data in Fig. 4.14 as well as the related cIT — T1 plots. 

Wee found that the best fit  of these data were achieved by the following expression: 

+ M J # I 11 (4.2) 
II  T ) {l + exp[A(//)/r]}2 

Thee first and second terms on the right-hand side represent the Debye (D) and Einstein 

(E)(E) lattice contributions. The coefficient /? is related to the Debye temperature, 0D, 

through:: ƒ? - (\2/5)7r4nkB(\/S D ) (the coefficient n calculates the number of atom 

inn the system); TE is the Einstein temperature. The last term of Eq. (4.2) represents a 

two-levell  electronic Schottky (S) contribution, with A(//) denoting the field-dependent 

energyy separation between the two levels. In the case of a Zeeman interaction and 

takingg into account the possible exchange interaction between the Nd spins and the Cu 

sublattices,, the expression of A(H) is proportional to the field according to: 

*(H)*(H)  = gMB{H + Hj (4.3) 

Inn this formula, g is the effective g-factor along the applied field direction and /JB is the 

Bohrr magneton; Hml is the internal field, resulting from the Cu sublattice and acting on 

thee Nd3+ ion. The results of this fitting for each set of data (at different //, including 

alsoo the zero-field data) of the Sr-0.00, Sr-0.10 and Sr-0.20 samples are presented as 

thee solid lines in Fig. 4.14. The resulting values for the best-fit parameters are tabulated 

inn Table 4.2. We note that the data is well fitted by Eq. (4.2) as indicated by the 

correspondingg %2 values listed in the Table. The Debye temperature deduced from this 

analysiss is approximately given by 345 K for all samples, while the Einstein 

temperaturee varied from 83 K for the Sr-0.00 sample to 95 K for the Sr-0.10 and 

Sr-0.200 samples. The value of Q» is well within the range of values reported for the 

homologouss La2-xSrxCu04.6 samples [44]. In addition, the behavior of the data in Fig. 

4.144 can be readily explained by contributions of each term in Eq. (4.2) to the total 
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specificc heat as illustrated in Fig. 4.15 for the Sr-0.10 sample at two different field 

values.. The resulting field-dependent A values for each sample are plotted in Fig. 4.16. 
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Figuree 4.15: Illustration of the behaviors of Debye (D), Einstein (E) and Schottky (S) terms 

inin Eq. (4.2) and the total contribution to the specific heat (solid line). 

Itt is clearly seen that in the absence of an external magnetic field (H = 0), A has a 

non-zeroo value, which can be attributed to the exchange coupling between the ordered 

Cuu and Nd3+ spins. We note that the magnitude of this A(0) value decreases with 

increasingg x, in good agreement with the result deduced from a neutron-scattering 

studyy reported by Roepke et al. [6]. Particularly for the Sr-0.20 sample, A(0) remains 

finitefinite as reported in Ref. [6] and observed in a recent spectroscopic measurement 
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Figuree 4.16: Field-dependent energy splitting, A(H), of (a) Sr-0.00 and (b) Sr-0.J0 samples, 

resultingresulting from the fitting. The solid lines denote the linear fits to the data. 

[7,, 45]. This is also consistent with the finite value of staggered magnetization deduced 

fromm other neutron experiment by Tranquada et al. [4]. Our result has thus 

corroboratedd the existing evidence for a magnetic coupling between the rare-earth ion 

andd the Cu sublattice reported for a number of copper oxide superconductors such as 

T'-- phase Nd2.xCexCu04.8 [46-48], REBa2Cu306+s (RE = Nd, Sm) [49, 50], as well as a 

hybridd system of T*- phase SmLai.xSrxCu04.5 [51]. The excellent linear fit  of the data 

byy means of Eq. (4.3) clearly attests to the Zeeman effect, and henceforth yields the 

valuess for the g-factor at fields applied along the crystal c-axis, namely g  = 4.31 for 

thee Sr-0.00 and  = 4.88 for the Sr-0.10 sample. Further, the values of the internal 

fieldfield deduced from these data are: Hmt = 9.15 kOe and 2.70 kOe for the Sr-0.00 and 

Sr-0.100 sample, respectively. Apparently, introduction of holes into the Cu02 planes by 

Srr doping reduces the value of Hinu which is equivalent with a reduction of the Nd-Cu 

interactionn strength. We note furthermore, that this Hmx value is smaller than the one 

foundd in the undoped T'- phase Nd2Cu04.5 [46], in which case a value for HmX of about 

577 kOe has been reported based on an analysis of spectroscopic data. 
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T(K)) T(K) 

Figuree 4.17: Temperature dependence of the magnetic entropy of (a) Sr-0.00 and (b) Sr-0.10 

samples,samples, measured at various magnetic fields of 0, 50, 70 and 90 kOe, applied parallel to the 

crystalcrystal c-axis. The horizontal dotted line is the theoretical maximum value for S ofR ln(2) valid 

forfor a two-level system. 

Thee electronic Schottky entropy, S(T), corresponding to the energy cost of 

splittingg the Kramers doublet can be evaluated from the data by integrating 

r r 
5(7")== \(cs,/T')dT', where cSch denotes the electronic Schottky specific heat, 

whichh is obtained as a result of subtracting the total heat-capacity by the lattice 

contributions.. The results for the Sr-0.00 and Sr-0.10 samples are presented in 

Fig.. 4.17. It is to be noted that the entropies in the temperature regime ranging from 

00 K to the lowest temperature of measurement (~ 2 K), where no experimental data are 

available,, are extrapolated from the fitted Schottky functions. It is clear from this 

figuree that in both cases the low-temperature entropy decreases invariably with 

increasingg applied magnetic field, with the zero-field entropy rising very rapidly with 

temperaturee to the constant value of S = R ln(2), which is the theoretical maximum for 

aa two-level system. 
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Conclusion n 

Inn conclusion, we have presented in this study the doping and field effects on the 

lowestt Kramers doublet splitting in the La, 6_xNd0.4SrxCuO4_ö single crystals on the 

basiss of specific-heat data. In the absence of an external magnetic field, the splitting of 

thee lowest Kramers doublet of Nd3~ ions is due to exchange interactions with the 

orderedd Cu spins. It is shown that its magnitude, as well as the value of the internal 

field,field, decreases with increasing Sr content (x) due to the reduction of the Nd-Cu 

interactionn strength. Furthermore, a linear increase of A is shown to occur with 

increasingg external magnetic field applied along the crystal c-axis. 

Thus,, the low-temperature magnetic properties of this La, 6_xNdo.4SrxCu04_rt system 

dependd on the Sr-doping level, which, in turn, influences the oxygen distribution in 

(andd electronic properties of) the CuÜ2 layers. 
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