arXiv:cond-mat/0201447 v1 24 Jan 2002

Charged fixed points in the 2 + 1-dimensional compact U(1) abelian Higgs model

Asle Sudbø,^1 Flavio S. Nogueira,^{2, ∗} and Joakim Hove^{1, †} 1Department of Physics, Norwegian University of Science and Technology, N-7491 Trondheim, Norway^‡ 2Institut für Theoretische Physik, Freie Universität Berlin, Arnimallee 14, D-14195 Berlin, Germany (Dated: Received January 24, 2002)

We consider exactly a certain non-trivial limit of the compact 2 + 1-dimensional compact U(1) gauge theory coupled to a scalar matter field carrying fundamental charge. In addition to a 3DXY critical point when gauge-field fluctuations are completely supressed, we find two charged critical points when the coupling constant in front of the matter-field term becomes infinitely large. The topological defects of the theory, closed vortex loops and monopole configurations of the gauge-field connected by topological currents, then decouple. One of the two new critical points is also a 3DXY critical point, while the other is the compact counterpart of the inverted 3DXY critical point first discussed by Dasgupta and Halperin [Phys. Rev. Lett., 47, 1556 (1981)].

PACS numbers: 74.20.-z, 05.10Cc, 11.25.Hf

Strongly correlated systems have been under intense investigation over the last decade in the context of understanding strange metallic states in quasi-two dimensional cuprate perovskites. They appear to fall outside the realm of conventional Fermi-liquid theory which has been the corner-stone of our understanding of metals for more than half a century. One avenue of research trying to build a theoretical foundation for singular Fermi liquids in more than one dimension, has focused attention on effective gauge theories of matter fields representing charge doped into Mott-Hubbard insulators, while the fluctuating gauge-fields represent strong constraints on the dynamics of the fermions on the underlying lattice on which the models are defined [1, 2, 3, 4, 5]. Since these are lattice models, the corresponding gauge-fields are necessarily compact. Compact U (1) gauge-fields support stable topological defects in the form of monopole configurations, and it has been suggested that the unbinding of such monopoles, a confinement-deconfinement transition, may be relevant for such phenomena as spin-charge separation in strongly correlated systems [2, 5]. Confinement here refers to the confinement of test charges in the problem, not of monopole configurations of the gauge-field. Alternative formulations in terms of a lattice Ising gauge theory [6] coupled to matter fields, has also recently been put forth [7].

One model which is often arrived at in this context is the compact abelian Higgs model, defined by the partition function [2, 5, 8, 9]

Z = ∫_π −π [ ∏ i dθ_i 2π ] ∫_π −π ∏ j,μ dA_{jμ} 2π exp −β ∑ sites,μ

cos(Δ_μθ_i − qA_{iμ}) − κ 2 ∑ plaquettes,μ

cos(ε_{μνλ}Δ_νA_{iλ}) . (1)

We will use the coordinates (x = 1/[κ + 1], y = 1/[β + 1]) when we discuss the possible phases of this model [8], see Fig. 1. In Eq. (1), θ represents the phase of a scalar matter field with unit norm representing holons, Δ_μ is a forward lattice difference operator in direction μ, while A_μ is the fluctuating gauge field enforcing the strong onsite constraints reflecting the strong correlations in the problem. Here, the relevant case corresponds to a statistical average < ε_{μνλ}Δ_νA_λ >= 0, i.e. there is no external flux of the gauge-field applied to the system.

Let us summarize what is known about this model. When q = 0, the matter-field sector decouples from the gauge-sector. It is well known that the model then has one critical point in the universality class of the 3DXY model, y_c = 0.69 [10], while the gauge-sector is permanently confined for all values of κ [11]. Consider now q = 1. Then, Eq. 1 is trivial on the line x = 1, 0 < y < 1, being a free gauge theory with no phase transition for any value of y. On the line 0 < x < 1, y = 1 the matter field is absent and the theory is permanently confined [11]. On the line x = 0, 0 < y < 1, gauge-field fluctuations are entirely suppressed, and the model reverts to the 3DXY model with a critical point x = 0, y_c = 0.69.

The above results are the only ones which are universally agreed upon for the model defined by Eq. (1) in 2 + 1 dimensions when q = 1. It remains controversial how many critical points, if any, exist on the line 0 < x < 1, y = 0. Note that, defining a mass-parameter m^2 ≡ β/κ, there are two different limits when m^2 → ∞. The first corresponds to x = 1, 0 < y < 1 and is trivial. The second corresponds to 0 < x < 1, y = 0 and is nontrivial, which is the limit we will consider in this paper. If a critical point exists on this line, it will be a charged fixed point. In analogy with what is now known from the non-compact case, such a phase-transition could be distinct from the 3DXY fixed point [12, 13, 14].

Following Ref. [8], we write the action in Eq. (1) in the Villain-approximation [10], replacing the cosine-terms by periodic quadratic parts, after which the model may be written in terms of its topological defects as follows [5, 8]

Z = Z_0 ∑ {Q_i} ∑ {J_{iν} } exp −4π^2β ∑ j,k ( J_{jν} J_{kν} + 1 m^2 Q_jQ_k ) D(j − k, m^2) , (2)

where D(j − k, m^2) = (−Δ^2_λ + m^2)^{−1} δ_{jk}. Z_0 is the partition function for massive spin waves [8], and is an analytic function of coupling constants. J_{iλ} are Diracstring or vortex-loop segments. The former connect magnetic monopole-antimonopole pairs while the latter have to form closed loops. Hence, we have the constraint Δ_λJ_{iλ} = Q_i in the partition function, where Q_i is the monopole charge on (dual) lattice site number i. It follows that some of the string segments form closed loops (vortex loops) while other start and terminate inside the system at monopole-antimonopole pairs. These are the only stable topological objects of the theory [8]. Note that in practice, one detects vortex-loop segments and Dirac-string segments by different algorithms, even if they formally appear as identical in the above expression. Vortex loop segments are found from singularities in transverse phase-fluctuations, while Dirac string segments are found from singularities in ε_{μλν} Δ_λA_{iν} [15]. Only the latter will ever be found starting or terminating on magnetic monopole configurations.

In the limit β → ∞, at κ fixed the partition function takes the form

Z = Z_0 ∑ {Q} ∑ {J_{iν} } δ_{Δν Jiν ,Qi} exp −4π^2κ ∑ j J^2_{jν} (3) which, had it not been for the constraint in the problem, would have been a product of Jacobi Θ_4-functions [16], and no phase-transition would have occurred in the problem.

To show that the above theory in fact posesses a critical point, we revert momentarily to a reformulation of the 3DXY model in the Villain-approximation, in terms of a gas of closed loop-segments, which may be written in the following form [17]

Z_{XY} = ∫_π −π [ ∏ i dθ_i 2π ] e^{−β ∑sites,μ cos(Δμθ)}

≈ ∫_π −π [ ∏ i dθ_i 2π ] ∑ n_{iμ} e^{−β ∑links,μ(Δμθi−2πni,μ)2} = ∑ l_{iν} δ_{Δν liν ,0}e^{− 12β ∑i,ν l2iν} , (4)

which establishes the equivalence between the partition function of the Villain model and the one of a loop gas.

If we use the integral representation of the Kronecker delta in Eq. (3), we can rewrite it as

Z = Z_0 ∑ {Q} ∑ {J_μ } ∫_π −π [ ∏ i dΘ_i 2π ] exp{ ∑ j [−4π^2κ J^2_{jν} − iΘ_j (Δ_νJ_{jν} − Q_j)]}. (5)

Summing the Θ_j -term by parts and using the Poisson formula, we obtain

Z = Z_0 ∑ {Q} ∑ {M_{iμ}} ∫_∞ −∞ [ ∏ i dΘ_i 2π ] δ_{Δμ Miμ,0} exp ∑ j [ − 1 16π^2κ

(Δ_νΘ_j − 2πM_{jν} )^2 + iΘ_j Q_j ] , (6)

where we have allowed for the Θ_j variables to run on the whole integration domain (−∞, ∞) by including the con-

FIG. 1: Phase diagram with the previously known 3DXY critical point (CP) at (x = 0, yc = 0.69), as well as the new 3DXY CP at (xc = 0.85, y = 0), and the new inverted 3DXY CP at (xc = 0.96, y = 0), of the model Eq. (1).

straint Δ_μM_{iμ} = 0 [18]. The sum over Q_j is performed exactly due to the identity: ∞∑ Q=−∞ e^{iQ Θ} = 2π ∞∑ −∞ δ(Θ − 2πn). (7) Then, the θ_j integrals can be easily done to obtain

Z = Z_0 ∑ n_i ∑ M_{iμ} δ_{Δμ Miμ,0} e^{− 14κ ∑i,μ(Δμni−Miμ)2} . (8) Now, due to the constraint Δ_μM_{iμ} = 0, we can write ∑ i,μ(Δ_μn_i − M_{iμ})^2 = ∑ i,μ[(Δ_μn_i)^2 + M^2_{iμ}], and therefore the partition function can be written as the product between the partition function for a loop gas and the one for a Z-ferromagnet. It is well-known that the Zferromagnet is the dual equivalent of compact QED [19]. Since the loop gas is equivalent, up to a Villain approximation, to the XY -model, it follows that the free energy of associated to Eq. (8) is given by the sum of the free energy of compact QED and the one for the XY -model. By comparing the loop gas partition function as obtained from Eq. (8) with Eq. (4) we see that they are the same if β = 2κ. Since the critical point of the Villain model is given by β_c ≈ 1/3, we obtain κ_c ≈ 1/6 and therefore x_c ≈ 6/7. Moreover, as the coupling constants κ and β do not appear inverted with respect to each other, this transition is in the 3DXY universality class [12].

A second critical point on the line y = 0 is found in the following way. The constraint in Eq. (3) is solved by writing the currents J_ν in terms of longitudinal and transverse parts J^L_ν and J^T_ν respectively, such that

Δ_νJ^L_ν = Q(i), Δ_νJ^T_ν = 0 (9)

It is convenient to Fourier-transform the action in Eq. 3, to obtain

S = 4π^2κ ∑ q ∑ α=L,T J^α_ν (q)J^α_ν (−q) (10) with the constraints

q_νJ^L_ν (q) = i Q(q), J^T_ν (q) = iε_{νμλ}q_μh_λ(q) (11)

where h_λ is integer-valued and plays the role of a (dual) gauge-field mediating Biot-Savart like interactions between the topological defects of the theory [17]. In terms of Fourier-transformed quantities this means that J^L_ν (q) = −iq_ν Q(q)/q^2. The constraints on J^L_ν are now solved and we can sum over monopole distributions and J^T_ν in the partition function, with the constraint that Δ_νJ^T_ν = 0. Hence, the partition function may be written in terms of a loop- and monopole-contribution to the action, S_L and S_M, respectively, on the form

Z = Z_0 ∑ {Q} ∑ {J_μ} e^{−(SL +SM )} δ_{Δν J} T_{ν ,0}

S_L = 4π^2κ ∑ j J^T_ν (j)^2

S_M = 4π^2κ ∑ q Q(q) Q(−q) q^2

. (12)

Thus, apart from the innocuous factor Z_0, Z factorizes into the partition function Z_C for a 3D gas og monopoles interacting with Coulomb interactions and with overall charge neutrality, multiplied by the partition function Z_{XY} of the 3DXY model, from Eq. 4, with the identification 4π^2κ = 1/(2β). From the work of Ref. [11], we know that in 2 + 1 dimensions Z_C is an analytic function of κ for all values of κ, since the pure compact U (1) gauge theory in 2 + 1 dimensions may be mapped to Z_C . On the other hand, Z_{XY} in the Villain approximation has a critical point for 4π^2κ_c = 1/2β_c ≈ 3/2, i.e. κ_c ≈ 3/8π^2 = 0.04, x_c ≈ 0.96. Thus, we find a second critical point in the model along the axis y = 0 [8]. This critical point is also one where vortex-loop segments blow out, but κ and β are now inverted with respect to each other. It is therefore the compact counterpart of the stable charged infrared fixed point discussed first by Halperin and Dasgupta [12] for the non-compact case, and recently revisited by several authors [13, 14, 20]. It represents a critical point in a universality class distinct from the 3DXY model, just as in the non-compact case. The entire line y = 0 cannot therefore be a confinement phase.

Our results are summarized in Fig. 1, and contrast with those reported in Ref. [5], where the only critical point which appears is the 3DXY critical point at y = y_c, x = 0. However, our results are in complete agreement with an early remarkable conjecture by Einhorn and Savit [8]. In 3 + 1 dimensions it is known rigorously that it is not possibe to distinguish Higgs from confinement phase in the compact 2+1 dimensional U (1) abelian Higgs theory when the matter field carries the fundamental charge [9, 21]. However 2 + 1 dimensions could in principle be very special and differ in this respect from 3 + 1 dimensions, just as is true in the non-compact case [17, 22, 23, 24].

Let us now briefly discuss these results. The results are obtained by direct manipulations of the partition function. The fact that we have established the existence of a charged critical point in the parameter space (y = 1/[β+1], x = 1/[κ+1]) at (y = 0, x = x_c) in addition to the neutral 3DXY critical point at (y = y_c, x = 0), suggests the possibility of a line of phase transitions connecting them. We have recently reported results elsewhere [25] which show that a critical matter-field sector induces anomalous scaling of the gauge-field and change the interaction between monopoles in 2 + 1 dimensions from a Coulomb interaction into a logarithmic potential. This permits a confinement-deconfinement transition to take place in 2 + 1 dimension via a Kosterlitz- Thouless monopole-antimonopole unbinding, analogous to the vortex-antivortex unbinding that takes place in 2 dimensions. The fact that we have two critical points on the y = 0-axis even if the theory only has one coupling constant in the particular m^2 → ∞ limit we consider is a direct manifestation of the compactness of the gaugesector of the theory, which allows two types of topological defects. This suggests to us that this compact U (1) 2 + 1 dimensional gauge-theory has sufficient structure in the interior of its phase diagram (x = 1/[κ+1], y = 1/[β +1]) to at least warrant further investigation into its potential for describing the phenomenon of electron fractionalization in strongly correlated quasi-two dimensional fermion systems via a confinement-deconfinement transition. The problem is also of fundamental interest in its own right.

One interesting possibility, currently under invesigation, is to use large-scale Monte Carlo simulations to study site-percolation of magnetic monopoles, and bondpercolation of directed vortex-loop segments, mapping out the phase-diagram where such percolation exists. While it is not entirely obvious that such geometric changes of connectivity of a tangle of topological objects imply a real thermodynamic critical phenomenon, this has in fact been firmly established for the non-compact case [22, 24]. In that case, the physics that takes place is very special to 2 + 1 dimensions [22, 23, 24], and little intuition about the problem can be reaped from either 1 + 1 or 3 + 1 dimensions.

A. S. acknowledges support from the Norwegian Research Council, Grant No. 148825/432, and F. S. N. acknowledges support from the Alexander von Humboldt Foundation. A. S. also thanks Prof. H. Kleinert and the Institut für Theoretische Physik, Freie Universität Berlin for its hospitality while part of this work was being completed.

∗ Electronic address: nogueira@physik.fu-berlin.de

† Electronic address: joakim.hove@phys.ntnu.no ‡ Electronic address: asle.sudbo@phys.ntnu.no [1] G. Baskaran, Z. Zou, and P. W. Anderson, Solid State Commun. 63, 973 (1987); G. Kotliar and J. Liu, Phys. Rev. B, 38, 5142 (1988); G. Baskaran and P. W. Anderson, Phys. Rev. B 37, 580 (1988); L. B. Ioffe and A. I. Larkin, Phys. Rev. B 39, 8988 (1989); N. Nagaosa and P. A. Lee, Phys. Rev. Lett., 64, 2450 (1990); P. A. Lee and N. Nagaosa, Phys. Rev. B 46, 5621 (1990).

[2] I. Ichinose and T. Matsui, Phys. Rev. B 51, 11860 (1995);

I. Ichinose, T. Matsui, and M. Onoda, Phys. Rev. D 57, 3902 (1998).

[3] R. B. Laughlin, in Proceedings of the Inauguration Conference of the Asia-Pacific Center for Theoretical Physics, edited by Y. M. Cho, J. B. Hong, and C. N. Yang (World Scientific, Singapore, 1998) (cond-mat/9802180).

[4] D. H. Lee, Phys. Rev. Lett., 84, 2694 (2000). [5] N. Nagaosa and P. A. Lee, Phys. Rev. B 61, 9166 (2000). [6] F. Wegner, J. Math. Phys., 12, 2259 (1971). [7] T. Senthil and M. P. A. Fisher, Phys. Rev. B 62, 7850 (2000).

[8] M. B. Einhorn and R. Savit, Phys. Rev. D 17, 2583 (1978); ibid 19, 1198 (1979).

[9] E. Fradkin and S. H. Shenker, Phys. Rev. D 19, 3682 (1979).

[10] Often, the Villain approximation is used to model the cos potential, see J. Villain, J. Phys. (France), 36,581 (1975). In this approximation, the critical value of β is βc ≈ 0.33. [11] A. M. Polyakov, Nucl. Phys. B 120, 429 (1977). [12] C. Dasgupta and B. I. Halperin, Phys. Rev. Lett. 47, 1556 (1981).

[13] I. F. Herbut and Z. Tes̆anović, Phys. Rev. Lett. 76, 4588 (1996).

[14] J. Hove and A. Sudbø, Phys. Rev. Lett 84, 3426 (2000). [15] J. Smiseth, E. Smørgrav, A. Sudbø, and F. S. Nogueira, in preparation.

[16] E. T. Whittaker and G. N. Watson, Modern Analysis, (Cambridge University Press, 4th Edition (Reprinted), 1996), Chapter XXI.

[17] H. Kleinert, Gauge Fields in Condensed Matter, vol. 1, (World Scientific, Singapore, 1989), readable in the internet at http://www.physik.fuberlin.de/~kleinert/re.html#b1.

[18] M. E. Peskin, Ann. Phys. (N.Y.) 113, 122 (1978). [19] T. Banks, R. Myerson, and J. Kogut, Nucl. Phys.

B129,493 (1977); R. Savit, Phys. Rev. Lett. 39, 55 (1977); M. Göpfert and G. Mack, Commun. Math. Phys. 82, 545 (1982).

[20] F. S. Nogueira, Phys. Rev. B 62, 14559 (2000). [21] K. Osterwalder and E. Seiler, Ann. Phys. (N.Y.) 110, 440 (1978).

[22] A. K. Nguyen and A. Sudbø, Phys. Rev. B 60, 15307 (1999); Europhysics Letters, 46, 780 (1999).

[23] Z. Tes̆anović, Phys. Rev. B 59, 6449 (1999). [24] J. Hove, S. Mo, and A. Sudbø, Phys. Rev. Lett., 85, 2368 (2000).

[25] H. Kleinert, F. S. Nogueira, and A. Sudbø, submitted to Phys. Rev. Lett., hep-th/0201168.