Implications of 3D xy Critical Point Universality for the Properties of High-T_c Cuprates

T. Schneider IBM Research Division, Zurich Research Laboratory, Säumerstr. 4, CH-8803 Rüschlikon, Switzerland

It is shown that the available experimental data on the intriguing doping dependence of specific heat singularity and of the magnetic penetration depth, as well as the relation between transition temperature and magnetic penetration depth can be understood in terms of three-dimensional xy critical point universality supplemented by the empirical phase transition line.

1

Considerable debate has arisen over the doping dependence of the transition temperature T_c [1,2], magnetic penetration depth λ [3–8] and specific heat singularity [9] of cuprate superconductors as well as the resulting correlation between these properties. As thermal fluctuations are essential in these extreme type II materials and because these fluctuations are known to mediate universal behavior [10,11], we sketch in this Letter the implications of three-dimensional (3D)-xy critical point universality, supplemented by the experimental phase transition line, and its effect on the intriguing doping dependence of the magnetic penetration depth λ and of specific heat singularity, as well as the relationship between these properties.

The paper is organized as follows. First, we outline the experimental evidence that cuprate superconductors and uncharged superfluids like^4He share universal 3Dxy properties in the fluctuation dominated regime. Then we explain how the universal relations between critical amplitudes and T_c, supplemented by the empirical phase diagram (doping dependence of T_c) imply unconventional behavior of the penetration depth in the overdoped regime in agreement with recent kinetic induction measurements of high-quality La_{2−x}Sr_xCuO_4 films [12] and μSR data [3,7,8]. The remainder of the paper addresses the implications of these findings.

Measurements of various properties, including specific heat [9,13–15] and magnetic penetration depth [13,16], strongly suggest that in the Meissner phase and close to the transition temperature the fluctuations of the order parameter are essentially those of a neutral superfluid or 3D-xy model. The associated complex scalar order parameter field Ψ(⃗r) = |Ψ(⃗r)| exp (iφ(⃗r)) represents in a superconductor the macroscopic wave function of singlet pairs of charge 2e where |Ψ(⃗r)| is the local pair density and φ(⃗r) denotes the phase. Introducing the magnetic penetration depth λ and the correlation length ξ, which describes the decay of the fluctuations in the modulus |Ψ(⃗r)| of the order parameter, the uncharged behavior of the cuprates can be understood in terms of the dimensionless charge, ẽ = 1/κ = ξ/λ [15,17]. In cuprate superconductors, this charge is small, because λ ≫ ξ [15]. Close to the 3D-xy critical point the specific heat diverges as C^± = (A^±/α) |t|^{−α} + B^±, where t = 1 − T /T_c, A^+ ≈ A^− and α ≈ 0 [11]. The parameter B^± accounts for the background. Consistency with this 3D-xy critical behavior has been established for DyBa_2Cu_3O_{7−x} [14], YBa_2Cu_3O_7, Tl_2Ca_2Ba_2Cu_3O_{10} and Bi_{1.8}Pb_{0.2}Sr_2CaCu_2O_{10−δ} [15]. The resulting estimates for A^+ ≈ A^− can now be used to determine the correlation volumes of phase ( (ξ^φ_{‖0})^2ξ^φ_{⊥0} ) and amplitude ( (ξ_{‖0})^2ξ_{⊥0} ) fluctuations via the universal relations [11] extended to systems with uniaxial effective mass anisotropy [14]

R^3_φ = A^−(ξ^φ_{‖0})^2ξ^φ_{⊥0} , R^3 = A^+(ξ_{‖0})^2ξ_{⊥0} (1) with R_φ ≈ 0.8 and R ≈ 0.3 [11]. The index ‖ denotes a direction parallel and ⊥ perpendicular to the layers; the correlation lengths diverge as ξ = ξ_0t^{−v} with ν ≈ 2/3. The length scales and effective pair mass anisotropy are related by [14] ξ^φ_{‖0} ξ^φ_{⊥0} = ( λ_{‖0} λ_{⊥0} )_2 = M_‖ M_⊥ , ξ_{‖0} ξ_{⊥0} = √ M_⊥ M_‖ . (2)

Since pronounced fluctuation effects are tied to small correlation volumes, the estimates for (ξ^φ_{‖0})^2ξ^φ_{⊥0}, 579 Å^3 in DyBa_2Cu_3O_7, 916 Å^3 in YBa_2Cu_3O_7 and those for (ξ_{‖0})^2ξ_{⊥0}, 30 Å^3 in DyBa_2Cu_3O_7 and 48 Å^3 in YBa_2Cu_3O_7) [3,13] clearly reveal the importance of fluctuations, because these volumes are comparable to those in superfluid helium, (ξ^φ_{‖0})^2ξ^φ_{⊥0} ≈ 307 Å^3, (ξ_{‖0})^2ξ_{⊥0} ≈ 16.7 Å^3 [3,11] and of the order of the unit cell volume. Thus, analogous to^4He, fluctuation effects that expose the universal 3D-xy critical point behavior are essential, experimentally accessible and invalidate mean-field treatments.

Another quantity of interest is the magnetic penetration depth. Indeed, the Meissner effect occurs if an external magnetic field is expelled, except for a penetration depth λ. In extreme type II superconductors with short correlation length amplitudes, λ is simply related to the helicity modulus Y [18] in terms of Y_{‖,⊥} = (h̄^2/M_{‖,⊥})n_s = (Φ^2_0/16π^3)λ^{−2}_{‖,⊥} = (Φ^2_0/16π^3)λ^{−2}_{‖,0⊥}t^{−ν} . Here, Φ_0 is the flux quantum and n_s denotes the number density of the superfluid pairs which tends to zero as n_s ∝ t^ν with ν ≈ 2/3 [10,11] by approaching the 3D-xy critical point from below. This behavior is nicely confirmed by recent penetration depth measurements on YBa_2Cu_3O_7 [16], which yield ν ≈ 2/3 and λ_‖(T = 0)/λ_{‖0} ≈ 1.22. In this context it is important to recognize that at the 3D-xy critical point, transition temperature, phase correlation length, specific heat and superfluid number density or, equivalently, London penetration depth, are not independent of one another. Indeed, there is also the universal relation [11,13,15]:

k_BT_c =

Φ^2_0 16π^3 ξ^φ_{‖,⊥0} λ^2_{‖,⊥0} = Φ^2_0 16π^3 ( M_‖ A^−M_⊥ )_{1/3} 1 λ^2_{‖0}

, (3)

which connects T_c with the amplitudes of penetration depth λ_{‖0} and phase correlation length ξ^φ_{‖,⊥0}, or specific heat A^−. To obtain the latter expression we used Eqs. (1) and (2). Because A^−, M_⊥/M_‖ and λ_{‖0} can be measured independently, relation (3) provides a consistency check for critical amplitude estimates. As an example, we evaluate ξ^φ_{‖0} with the aid of Eq. (3) and compare it with the value derived from the specific heat anomaly (Eq. (1)). The penetration depth measurements yield λ_{‖0} ≈ 0.82λ_‖(T = 0). Using T_c ≈ 92.4 K [16], λ_‖(T = 0) = 1817 Å [19] and relation (3) we find ξ^φ_{‖0} ≈ 3.24 Å, which is close to 3.3 Å, the estimate derived from the specific heat data ((ξ^φ_{‖0})^2ξ^φ_{⊥0} ≈ 579 Å^3 with M_⊥/M_‖ ≈ 25 [13]). Thus, the evidence of 3D-xy critical point behavior is not restricted to the asymptotic temperature dependence, but includes the universal relations for the critical amplitudes. Furthermore, there is consistency with the universal scaling properties of specific heat and magnetization as a function of magnetic field and temperature [20,21]. As of yet, however, no study of the implications of critical point universality along the phase transition line has been made.

Here we reveal these implications in terms of the universal relations (1) and (3) and the experimentally given doping dependence of T_c. For this purpose it is sufficient to describe the phase transition line by the simple interpolation formula [1,2]

T̄_c = T^c T^m_c

= 1 − β(x − x_c)^2 = 4ρ(1 − ρ) , (4)

with x_c ≈ 0.16, β ≈ 82.6 and 2ρ = 1 ± √ β(x − x_c) and where x is the number of holes per CuO_2 unit in the CuO_2 layer, estimated from bond-valence sums. The parameter ρ denotes the corresponding fraction of mobile holes introduced by doping, while T^m_c is the transition temperature at optimum doping (x = x_c, ρ = 1/2). There is considerable evidence that this relation provides an approximate description of the phase transition line of all hole doped superconducting cuprates. Considering homogeneous phases only, we can appeal to 3Dxy critical point universality along this phase transition line. In the underdoped (ρ → 0) and overdoped limit (ρ → 1), T_c tends to zero and the system approaches the 3D quantum xy critical point or, equivalently, the 3+1=4D classical xy critical point [22] where the mean field treatment becomes exact up to logarithmic corrections, and A^± vanishes. Thus, A^± is expected to decrease as T_c tends to zero in the underdoped (ρ → 0) and overdoped (ρ → 1) limits. Experimental evidence of this behavior comes from the specific heat measurements on underdoped YBa_2Cu_3O_{7−x} [9] and overdoped Tl_2Ba_2CuO_{6+δ} [23]. Guided by the experimental data for YBa_2Cu_3O_{7−x}, covering 0.27 ≤ ρ ≤ 0.5, we describe the reduction of A^± with the ansatz

Ā^− = A^− A^−_m ≈ (T̄_c)^6 , (5)

which interpolates between the limits ρ → 0 and 1 and describes the empirical data well. Combining Eqs. (3) and (4) with this ansatz we find

T̄_c ≈ (¯ M_‖ M̄_⊥ )1/9 ( λ̄^2_{‖0} )_{−1/3} ≈ 4ρ(1 − ρ) , (6) where M̄_{‖,⊥} = M_{‖,⊥}/M^m_{‖,⊥} and λ̄_{‖,⊥} = λ_{‖,⊥}/λ^m_{‖,⊥}. The index m refers to the respective values for optimum doping (x = x_c, ρ = 1/2). In this context it is important to emphasize that 3D-xy critical point behavior along the phase transition line also implies that M̄_⊥/M̄_‖ remains finite in the full doping range (0 ≤ ρ ≤ 1), because in the limit M̄_⊥/M̄_‖ → ∞ the system is strictly twodimensional. For this reason Eq. (6), rewritten in the form

λ̄^2_{‖0} ≈ (¯ M_‖ M̄_⊥ )1/3 (4ρ(1 − ρ))^{−3} , (7)

also exposes the dominant doping dependence of the penetration depth in terms of ρ(1 − ρ). Thus, 3D-xy universality, supplemented by the experimental phase transition line (Eq. (4)), also implies intriguing behavior concerning both the doping dependence of λ_‖ and relationship between T_c and 1/λ^2_{‖0}. In contrast to the standard picture λ^2 is no longer inversely proportional to ρ, the fraction of mobile holes. Indeed, according to Eq. (7), λ̄^2_{‖0} reaches a minimum at optimum doping and increases again in the overdoped regime (ρ > 1/2). This behavior is well confirmed by recent kinetic induction measurements on high-quality La_{2−x}Sr_xCuO_4 films [12]. The data covering both the underdoped and overdoped regimes is depicted in Fig. 1 in terms of λ_{‖0} versus ρ. The solid curve is a fit to Eq. (7) with (M̄_‖/M̄_⊥)^{1/3} ≈ 1, because M̄_⊥/M̄_‖ ≤ 3 [24]. According to Eq. (6), the doping dependence of λ and T_c also leads to a definite relation between T_c and 1/λ^2_{‖0} depicted in Fig. 2 by the solid line for M̄_‖/M̄_⊥ ≈ 1. The arrows denote the evolution of a system as ρ increases from the underdoped (↑, 0 ≤ ρ ≤ 1/2) to the overdoped (↓, 1/2 ≤ ρ ≤ 1) regimes. Apparently, this behavior is consistent with the available μSR data plotted in terms of T_c versus σ̄_‖(T = 0) ∝ 1/λ̄^2_‖(T = 0). Here 1/λ̄^2_‖(T = 0) is taken as a measure for 1/λ̄^2_{‖0}. The parameter σ is the μSR relaxation rate which is proportional to the square of the inverse penetration depth. Deviations from this behavior are not unexpected in the low-T_c regime, because the interpolation formula (5) is only qualitatively correct in the limits ρ → 0, 1, and because the effective mass ratio M̄_‖/M̄_⊥ might depend on doping. Better agreement requires M̄_⊥/M̄_‖ to increase with decreasing T_c, as observed in underdoped YBa_2Cu_3O_{7−δ} [25]. More importantly, the experimental points of overdoped Tl_2Ba_2CuO_{6+δ} [7,8] and Ca_{1−x}Y_xSr_2Tl_{0.5}Pb_{0.5}Cu_2O_7 [26] confirm the essential implication of Eq. (6), namely, reversed evolution of underdoped (↑) and overdoped (↓) systems. The dashed lines in Fig. 2, which resemble the outline of a fly’s wing, are a guide to the eye and illustrate the effect of a doping-dependent anisotropy, M̄_‖/M̄_⊥. The upper part of the outline describes underdoped and the lower one overdoped systems. Indeed, the experimental points of overdoped Tl_2Ba_2CuO_{6+δ} and Ca_{1−x}Y_xSr_2Tl_{0.5}Pb_{0.5}Cu_2O_7 are close to the outline of the lower part of the wing, while the remaining data, referring to underdoped and mildly overdoped materials, is close to the upper branch.

Finally, we turn to the doping dependence of the helicity modulus Y ∝ 1/λ^2 at zero temperature. The mapping on the (3+1)-D xy model validates a mean-field treatment around the critical points ρ = 0 and 1. Expansion of the mean-field order parameter around the critical points, supplemented by the effective mass enhancement in the intermediate regime, yields Y_‖(T = 0, ρ) ∝ 1/λ^2_‖(0, ρ) ∝ ( h̄^2/M_‖(ρ) ) ρ ∝ ρ(1−ρ), which interpolates in qualitative agreement with Eq. (7) between the mean-field behavior around the critical points. The enhancement of the effective pair mass, M_‖(ρ) = M_‖(0)/(1 − ρ), is a quantum effect arising from the repulsive pair interaction [27]. It then follows that the decrease of T_c and the associated intriguing behavior of specific heat singularity A^− and λ in the overdoped regime must be attributed to an enhanced effective pair mass.

In summary, we have shown that the available experimental data on the doping dependence of specific heat singularity and magnetic penetration depth as well as the relation between T_c and 1/λ^2_‖ are fully consistent with 3D-xy critical point universality in pure materials, supplemented by the experimental phase transition line, and not merely an artifact of bad sample quality as proffered by Harshman and Fiory [5]. The fluctuation-mediated 3D-xy universality along the phase transition line not only provides relations between various properties in the Meissner state, which can also be used to test microscopic models, but also reveals essential information concerning the nature of the superconducting state.

ACKNOWLEDGMENTS

We thank many colleagues for insightful suggestions, questions and comments. Those who contributed include J. G. Bednorz, A. Cretton, Ø. Fischer, Y. Jaccard, H. Keller, J.-P. Locquet, P. Martinoli, J. Mannhart, R. Micnas, K. A. Müller, M. H. Pedersen, J. J. Rodríguez- Núñez, Ch. Rossel and E. Williams.

[1] J. L. Tallon and N. E. Flower, Physica C 204, 237 (1993) [2] H. Zhang and H. Sato, Phys. Rev. Lett. 70, 1697 (1993) [3] T. Schneider and H. Keller, Physica C 207, 366 (1993) [4] T. Schneider and H. Keller, Phys. Rev. Lett. 69, 3374 (1992) [5] D. R. Harshman and A. T. Fiory, Phys. Rev. Lett. 72, 1132 (1994) [6] T. Schneider and H. Keller, Phys. Rev. Lett. 72, 1133 (1994) [7] Ch. Niedermeier et al., Phys. Rev. Lett. 71, 1764 (1993) [8] Y. J. Uemura et al., Nature 364, 605 (1993)

[9] K. Ghiron, M. B. Salamon, M. A. Hubbard and B. W.

Veal, Phys. Rev. B 48, 16188 (1993) [10] M. E. Fisher, Rev. Mod. Phys. 46, 597 (1974) [11] P. C. Hohenberg, A. Aharony, B. I. Halperin and E. D.

Siggia, Phys. Rev. B 13, 2986 (1976) [12] J.-P. Locquet, Y. Jaccard, A. Cretton, E.J. Williams, E. Mächler, T. Schneider, Ø. Fischer and P. Martinoli, submitted to Phys. Rev. Lett.

[13] T. Schneider and H. Keller, Int’l. J. Mod. Phys. B 8, 487 (1993) [14] A. Kozlowski, Z. Tarnawski, A. Kolodziejczyk, J. Chmist, T. Scizor and R. Zalecki, Physica C 184, 113 (1991) [15] T. Schneider and D. Ariosa, Z. Phys. B 89, 267 (1992) [16] A. Buzdin et al., unpublished [17] D. S. Fisher, M. P. A. Fisher and D. A. Huse, Phys. Rev.

B 43, 130 (1991) [18] M. E. Fisher, M. N. Barber and D. Jasnov, Phys. Rev.

A 8, 1111 (1973) [19] A. G. Sun, D. A. Gajewski, M. P. Maple and R. C. Dynes, Phys. Rev. Lett. 72, 2267 (1994) [20] M. B. Salamon, J. Shi, N. Overend and M. A. Howson, Phys. Rev. B 47, 5520 (1993) [21] N. Overend, M.A. Howson, and I.D. Lawrie, Phys. Rev.

Lett. 72, 3238 (1994) [22] R. Morf, T. Schneider and E. Stoll, Phys. Rev. B 16, 462 (1977) [23] J. M. Wade, J. W. Loram, K. A. Mirza and J. R. Cooper, preprint [24] T. Shibauchi et al., Phys. Rev. Lett. 72, 2263 (1994) [25] B. Janossy et al., Physcia C 181, 51 (1991) [26] P. Zimmermann et al., private communication [27] A. L. Fetter and J. D. Walecka, Quantum Theory of Many Particle Systems, McGraw Hill, New York 1971, p. 260

FIG. 1. Kinetic inductance estimates for λ_{‖0} in La2−xSrxCuO4 films plotted in terms of λ_{‖0} versus ρ taken from Ref. 12. The solid curve corresponds to Eq. (7) with M̄_‖/M̄⊥ ≈ 1.

FIG. 2. T̄c versus σ̄(T = 0) = ( λ^m_‖ (T = 0)

)_2 /λ^2_‖(T = 0) taken from Refs. 3, 7, 8 and 26. The solid curve corresponds to Eq.

(6) with M̄_‖/M̄⊥ ≈ 1 and the arrows denote the underdoped (↑, 0 ≤ ρ ≤ 1/2) and overdoped (↓, 1/2 ≤ ρ ≤ 1) regimes. The dashed lines are a guide to the eye and sketch the effect of the doping dependence of the effective mass ratio M̄_‖/M̄⊥.

2 : Tl2Ba2 Ca2 Cu3O10, Tl0.5 Pb0.5 Sr2Ca2 Cu3O9, Bi2−xPbxSr2 Ca2Cu3O16 , 3 : Y1−xPrxBa2Cu3O6.97 , △ : YBa2Cu3Ox, ▽ : La2−xSrxCuO4,

⋆ : Bi2Sr2Ca1−xYxCu2O8+δ , ◯ : Tl2Ba2CuO6+δ, : Ca1−xYxSr2Tl0.5 Pb0.5 Cu2O7