arXiv:0907.3732v2 [cond-mat.str-el] 7 Aug 2009

NSF-KITP-09-129

Fluctuating spin density waves in metals

Subir Sachdev,^{1, 2} Max A. Metlitski,^1 Yang Qi,^1 and Cenke Xu^{1, 2} 1Department of Physics, Harvard University, Cambridge MA 02138 2Kavli Institute for Theoretical Physics, University of California, Santa Barbara CA 93106 (Dated: August 10, 2009)

Abstract

Recent work has used a U(1) gauge theory to describe the physics of Fermi pockets in the presence of fluctuating spin density wave order. We generalize this theory to an arbitrary band structure and ordering wavevector. The transition to the large Fermi surface state, without pockets induced by local spin density wave order, is described by embedding the U(1) gauge theory in a SU(2) gauge theory. The phase diagram of the SU(2) gauge theory shows that the onset of spin density wave order in the Fermi liquid occurs either directly, in the framework discussed by Hertz, or via intermediate non-Fermi liquid phases with Fermi surfaces of fractionalized excitations. We discuss application of our results to the phase diagram of the cuprates.

I. INTRODUCTION

Recent experimental advances^{1,2,3,4,5,6,7} have focused much theoretical attention on the evolution of the Fermi surfaces of the cuprate superconductors as a function of carrier concentration. In materials with hole density x, the overdoped regime has a “large” hole-like Fermi surface enclosing area proportional to 1 + x, while the underdoped regime has displayed evidence for “small” Fermi pockets with an area of order x. We refer the reader to other recent discussions^{8,9} for an overview of the experimental and theoretical situation suited for the ideas presented below. We show here in Fig. 1 the global phase diagram from Ref. 9 as a function of x, temperature T , and applied magnetic field H.

We will be interested in the physics of the non-superconducting metallic phases in Fig. 1, when the superconductivity is suppressed by increasing either T or H. As is implied by Fig. 1, we will assume^{15,16,17} that the “small” Fermi surfaces are a consequence of local spin density wave (SDW) order: this is supported by a number of recent experiments^{12,13,14,18,19,20}. It is then natural to develop a theory of the electronic spectrum in presence of (thermal or quantum) fluctuating SDW order. We would like the electronic spectrum to be sensitive to the presence of SDW order at short scales, even though long-range SDW order can be absent.

A U(1) gauge-theoretic approach to describing such a fluctuating SDW state has been presented by some of us and our collaborators in a series of papers^{8,21,22,23,24}. While this theory has a number of attractive features^9, it also has some weaknesses:

1. The theory addresses the physics of the small Fermi pocket states only, and is not connected to the large Fermi surface state of the overdoped regime.

2. The pockets are described in a piecemeal fashion, with separate fermion degrees of freedom introduced at the band minimum of each pocket. A unified formalism which treats all pockets together, for an arbitrary underlying band structure would clearly be preferred.

3. The theory has so far focused on commensurate SDW order with ordering wavevector K = (π, π). It should be generalized to arbitrary commensurate K.

The purpose of the present paper is to present an improved formalism which addresses the above issues. We will begin in Section II by a reformulation of the existing U(1) gauge theory which addresses points 2 and 3 above. Section III will address point 1 by showing that the transition to the large Fermi surface state is achieved by generalizing to a SU(2) gauge theory. We note that our SU(2) gauge theory is quite distinct from that appearing in the discussion of spin liquid Mott insulators with fermionic spinons^{25} in which the SU(2) gauge transformation mixes and particle and hole operators. Our theory applies to bosonic spinons in metals, and the SU(2) gauge transformations apply on states with fixed particle number.

FIG. 1: From Refs. 8,9: Proposed phase diagram as a function of dopant density x, temperature, T , and magnetic field H. The onset of long-range spin density wave (SDW) order at T = 0 and high fields in the metallic state is at x = x_m, while SDW order appears at x = x_s in the superconducting (SC) state at H = 0. A key feature of this phase diagram, and of our theory^8, is that x_s < x_m. This implies the phase transition line connecting x_s and x_m, predicted in Ref. 10, where there is a field-induced onset of SDW order in the SC state, which has been experimentally detected^{11,12,13,14}.

Although our primary motivation has been provided by cuprate physics, our approach is very general, and should also be applicable to a wide variety of spin density wave transitions in other correlated electron materials^{26}.

II. U(1) GAUGE THEORY

We begin with the popular spin-fermion model^{27}, for a system where the spins have collinear ordering at an arbitrary commensurate wavevector K. The imaginary time (τ) fermion Lagrangian is (α, β =↑, ↓)

L_F = ∑ i c^†_{iα} [ (∂_τ − μ)δ_{αβ} − φ^a_i f_iσ^a_{αβ} ] c_{iβ} − ∑ i<j t_{ij} ( c^†_{iα}c_{jα} + c^†_{jα}c_{iα} ) (2.1)

Here t_{ij} are arbitrary hopping matrix elements describing the “large” Fermi surface, μ is the chemical potential, φ^a_i is a fluctuating unit vector field (a = x, y, z) representing the local orientation of the collinear spin order, σ^a are the Pauli matrices, and f_i is a fixed form-factor determined by the particular local nature of the SDW order; thus for Néel order with K = (π, π) we have f_i ∼ (−1)^{xi+yi} , while for arbirary commensurate K we have an expression of the form f_i = ∑ m f_me^{im K·ri} + c.c. (2.2)

where m are integer, and the f_m are the co-efficients determining the form-factor. The fluctuations of the φ^a are controlled by the continuum O(3) non-linear sigma model with Lagrangian L_n = 1 2g [ (∂_τ φ^a)^2 + v^2(∇φ^a)^2 ] (2.3)

with the local constraint (φ^a)^2 = 1; here g is a coupling which tunes the strength of the quantum spin fluctuations and v is a spin wave velocity. The spin-fermion model^{27} is defined by the Lagrangian L_F + L_n for the electrons c_{iα} and the SDW order parameter field φ^a.

We have assumed above that φ^a is a real three-component vector. Strictly speaking, for K ≠ (π, π), the order parameter is a complex vector, with the overall phase representing a ‘sliding’ degree of freedom associated with the charge density wave at 2K. Indeed, there will be 2 complex vectors representing the spin density waves along two orthogonal directions on the square lattice. For simplicity, we have ignored these complications here. Accounting for them would require two additional complex fields, as in e.g. Ref. 28, and we leave this generalization to future work.

A key feature of our analysis above, and of all the analyses below, is that we assume that it is only the SDW order parameter φ^a which varies slowly on the lattice scale. We do not make the same assumption for the fermion field c_{iα}, which is allowed to have a general dispersion, with arbitrary Fermi surfaces. Thus our expansions in spatial gradients will only be carried out for φ^a and related bosonic fields. Keeping the full spatial dependence of the fermion fields is also required to keep proper track of the constraints imposed by the Luttinger theorem.

We will now transform the spin-fermion model into new degrees of freedom which incorporate the change in the fermion band structure due to local SDW order in a more fundamental way. The key to doing this is to transform the electron spin polarization to a rotating reference frame set by the local orientation of the SDW order. In the context of the cuprates, the use of such a frame of reference goes back to the work of Shraiman and Siggia^{29} on the t-J model, and by Schulz^{30} on the Hubbard model. Previous work by us and others^{8,21,22,23,24,31,32,33,34} was motivated using the Schwinger boson formalism, which also effectively performs the transformation to the rotating reference frame. A few years ago, Schrieffer^{35} also focused attention on the advantages of studying the spin dynamics in the rotating reference frame defined by the SDW order. Here we shall apply this idea to the spin-fermion model, which is generally regarded as a weak-coupling theory. We shall show that it allows for a very efficient and complete derivation of the Lagrangian of a low energy effective gauge theory, which has the same structure as that obtained earlier^{8,21,22,23,24} by more cumbersome methods starting from the strong-coupling t-J model.

To this end, we introduce a new set of fermions, ψ_{ip} with p = ±1, with their spin components p polarized along the direction of the local SDW order. These are related to the physical fermions c_{iα} by spacetime dependent SU(2) matrix R^i_{αp} (R^†R = RR^† = 1) so that^{30}

c_{iα} = R^i_{αp}ψ_{ip}. (2.4)

We choose R_{αp} so that spin-fermion coupling is only along σ^z, and so φ^a_i R^{i†}_{pα}σ^a_{αβ} R^i_{βp}′ = σ^z_{pp}′ = pδ_{pp}′ . (2.5) This relationship is equivalent to

φ^a_i = 1 2 Tr ( σ^aR^iσ^zR^{i†} ) , (2.6)

which shows that the SDW order parameter φ_i can be fully expressed in terms of the SU(2) matrix R. Therefore, we will now treat R as our independent degree of freedom which determines φ via Eq. (2.6). Now, we parameterize

R^i = ( z_{i↑} −z^∗_{i↓} z_{i↓} z^∗_{i↑} ) (2.7)

with ∑ α |z_{iα}|^2 = 1, and we can verify that Eq. (2.6) yields the familiar relation

φ^a_i = z^∗_{iα}σ^a_{αβ} z_{iβ} (2.8)

between the fields of the O(3) non-linear sigma model and the CP^1 model.

We have now reformulated our theory of the spin-fermion by replacing the electrons c_α and SDW order parameter φ^a by the spinless fermions ψ_p and the complex bosonic spinors z_α. A crucial feature of the resulting effective Lagrangian for the ψ_p and z_α is that it is invariant under a local U(1) gauge transformation. This follows from the invariance of

Eqs. (2.4) and (2.8) under z_{iα} → z_{iα}e^{iϕi} ψ_{ip} → ψ_{ip}e^{−ipϕi} (2.9) where ϕ_i has an arbitrary dependence on space and time. Note that the ψ_{ip} have opposite charges p = ±1. Associated with this U(1) gauge invariance, we will introduce an internal dynamical gauge field A_μ = (A_τ , A) in constructing the effective theory.

We can now insert Eqs. (2.4) and (2.8) into Eqs. (2.1) and (2.3) and obtain the desired effective theory of fluctuating Fermi pockets. As noted earlier, we will assume that the z_{iα} are slowly varying, but allow the fermion fields ψ_{ip} to have an arbitrary dependence on spacetime. First, from Eq. (2.3), we obtain, by a familiar method^{36}, the CP^1 model for the z_α:

L_z = 1 g [ |(∂_τ − iA_τ )z_α|^2 + v^2|(∇ − iA)z_α|^2 ] (2.10)

The fermion Lagrangian L_F in Eq. (2.1) yields some interesting structure. The hopping term can be written as − ∑ i<j t_{ij} [ ( z^∗_{iα}z_{jα} ) ( ψ^†_{i+}ψ_{j+} + ψ^†_{j−}ψ_{i−} )

+ ( z^∗_{jα}z_{iα} ) ( ψ^†_{i−}ψ_{j−} + ψ^†_{j+}ψ_{i+} )

+ ( ε^{αβ}z^∗_{jα}z^∗_{iβ} ) ( ψ^†_{i+}ψ_{j−} − ψ^†_{j+}ψ_{i−} )

+ ( ε^{αβ}z_{iα}z_{jβ} ) ( ψ^†_{i−}ψ_{j+} − ψ^†_{j−}ψ_{i+} ) ] (2.11)

Now, from the derivation of the CP^1 model^{36} we know that z^∗_{iα}z_{jα} ≈ e^{iAij} (2.12) and this is easily incorporated into the first two terms in Eq. (2.11), yielding terms which are gauge invariant. Then for the fermion sector, we have the Lagrangian

L_ψ = ∑ p=±1 ∑ i ψ^†_{ip} ( ∂_τ − μ + ipA_τ − pf_i ) ψ_{ip} − ∑ p=±1 ∑ i<j t_{ij} ( e^{ipAij} ψ^†_{ip}ψ_{jp} + e^{−ipAij} ψ^†_{jp}ψ_{ip} ) (2.13)

For A_μ = 0, L_ψ describes the band structure in terms of the Fermi pockets; and the interactions arise from the minimal coupling to the A_μ gauge field. Finally, we need to consider the last two terms in Eq. (2.11). These are the analog of the ‘Shraiman-Siggia’ couplings^{29};

this evident from their form expanded to leading order in the derivative of the z_α: L_{ss} = ∫ k,p,q [ p · ∂ε(k) ∂k ] z_↓(q − p/2)z_↑(q + p/2)ψ^†_−(k + q)ψ_+(k − q) + c.c. (2.14)

where ε(k) is the single particle dispersion of the large Fermi surface state: ε(k) = − ∑ j t_{ij}e^{ik·(rj −ri)}. (2.15)

The Lagrangian L_z + L_ψ + L_{ss} in Eqs. (2.10), (2.13), and (2.14) is our final and general form of the U(1) gauge theory of the fluctuating spin density wave state. Note that it is applicable for an arbitrary band structure ε(k) and for an arbitrary SDW wavevector K: thus we have satisfied points 2 and 3 in Section I. After diagonalizing the band structure of L_ψ in Eq. (2.13), and projecting to the resulting lowest energy electron and hole pocket states, the present model reduces to those considered in our previous work^{8,21,22,23,24}. Note also that this model is specialized to the fluctuating pocket state, and there is no natural way of restoring the large Fermi surface: the coupling to the local SDW order in Eq. (2.13) has a fixed magnitude set by the f_i.

The phase diagram of the theory L_z +L_ψ contains phases (A) and (B) in Fig. 2 appearing in Section III. These are the Fermi liquid SDW (with ⟨z_α⟩ ≠ 0) and ‘algebraic charge liquid’ (with ⟨z_α⟩ = 0) phases respectively, and will be discussed further in Section III.

III. SU(2) GAUGE THEORY

The structure of the Shraiman-Siggia term, L_{ss}, exposes a shortcoming of the U(1) theory. In the gradient expansion, this term is of the same order as the U(1) gauge field term in L_ψ in Eq. (2.13). It is only the collinear nature of the local spin order which imposes the U(1) gauge structure, while L_{ss} is associated with spiral spin correlations^{29}. However, once we are in the large Fermi surface state, the memory of the collinear spin correlations should disappear. Thus, if we are to recover the large Fermi surface state, we will have to treat all the terms in Eq. (2.11) at an equal footing.

To fix this problem, we note that the parameterization in Eq. (2.4) actually introduces a SU(2) gauge invariance under which R → RU^† ; ψ → Uψ. (3.1) Thus the SU(2) gauge transformation acts on the second index of R (denoted by p), while the ordinary SU(2) spin rotation symmetry acts on the left index of R (denoted by α). We will distinguish the SU(2) gauge and SU(2) spin rotation invariances by using the symbols p, p^′ and α, β for their respective spinor indices. Using the parameterization in Eq. (2.4) on the coupling between the SDW order and the fermions in Eq. (2.1), we find that it can be written as ∑ i N^ℓ_i f_iψ^†_{ip}σ^ℓ_{pp}′ ψ_{ip}′ (3.2) where we have introduced a field N^ℓ_i , which transforms as a adjoint under the SU(2) gauge transformation. Again, we will distinguish the SU(2) gauge and SU(2) spin rotation invariances by using the symbols ℓ = x, y, z and a for their respective adjoint indices. From Eq. (2.1) we find that N^ℓ_i = 1 2 φ^a_i Tr ( σ^aR^iσ^ℓR^{i†} ) . (3.3)

This relationship is equivalent to

φ^a_i = 1 2 N^ℓ_i Tr ( σ^aR^iσ^ℓR^{i†} ) . (3.4)

Only for N^ℓ = (0, 0, 1) does Eq. (3.4) yield the relation Eq. (2.8).

Let us now summarize the structure of our effective gauge theory. The theory has SU(2)_{gauge}⊗SU(2)_{spin}⊗U(1)_{em charge} invariance, along with additional constraints from the lattice space group symmetry. Its matter content is:

• A fermion ψ transforming as (2, 1, 1), and with dispersion ε(k) from the underlying lattice band structure.

• A relativistic SU(2) matrix field R (with R^†R = 1) transforming as (¯2, 2, 0), representing the local orientational fluctuations of the SDW order. The notation indicates that R transforms under SU(2)_{gauge} under right multiplication, and under SU(2)_{spin} under left multiplication.

• A relativistic real scalar N transforming as (3, 1, 0), measuring the local SDW amplitude.

The symmetries allow a Yukawa coupling between N and ψ, which is just the coupling in Eq. (3.2). Note that this coupling has a space dependence ∼ e^{iK·r}, which can understood to be a consequence of the non-trivial transformation of the SDW order parameter, and hence of N^ℓ, under the square lattice space group.

Now, we can introduce a SU(2) gauge field A^ℓ_μ = (A^ℓ_τ , A^ℓ), and use the above constraints to write down our low energy effective action for the SDW fluctuations. The fields R and N^ℓ will have conventional kinetic energy terms familiar from relativistic non-Abelian gauge theory, similar to those in L_z:

L_R = 1 g [ |∂_τ R_{αp} − iA^ℓ_τ R_{αp}′ σ^ℓ_p′_p|^2 + v^2|∇R_{αp} − iA^ℓR_{αp}′ σ^ℓ_p′_p|^2 ] ; (3.5)

L_N = ( ∂_τ N^ℓ − 2iϵ_{ℓmn}A^m_τ N^n )_2 + ~v^2 ( ∇N^ℓ − 2iϵ_{ℓmn}A^mN^n )_2 + s(N^ℓ)^2 + u((N^ℓ)^2)^2, where g, r and u are couplings which tune the strength of the SDW fluctuations. For the fermions, ψ_{ip}, we now have a lattice Lagrangian which is similar to Eq. (2.13), but invariant SU(2) gauge transformations ~L_ψ = ∑ i ψ^†_{ip} [ (∂_τ − μ)δ_{pp}′ + iA^ℓ_τ σ^ℓ_{pp}′ − f_iN^ℓ_i σ^ℓ_{pp}′ ] ψ_{ip}′ − ∑ i,j t_{ij}ψ^†_{ip} ( e^{iσℓAℓ·(ri−rj )} ) pp^′ ψ_{jp}′ . (3.6)

Apart from the generalization of the U(1) gauge field to SU(2), the main difference from Eq. (2.13) is that the coupling of the fermions to the SDW order has a magnitude determined by the field N^ℓ. Thus a phase in which N^ℓ fluctuates near zero can have a large Fermi surface given by the underlying band structure.

We are now in a position to discuss the mean-field phase diagram of the SU(2) gauge theory L_R + L_N + ~L_ψ. Initially, we take a simple-minded approach by allowing Higgs condensates of one or both of the bosonic fields R and N. This allows 4 possible phases which are sketched in Fig. 2. As will become clear below, there are no other phases that can generically be expected.

Note that a phase which breaks SU(2) spin rotation invariance requires condensation of both R and N: this is clear from Eq. (3.4) which shows that both condensates are required for a non-zero SDW order parameter φ. The other three phases preserve SU(2) spin symmetry, and we now discuss the various possibilities.

(A) The Higgs phase, noted above, with ⟨R⟩ ≠ 0 and ⟨N⟩ ≠ 0. In this case both spin rotation symmetry and SU(2) gauge symmetry is broken, and there are no gapless gauge bosons. So this phase is a Fermi liquid, and is the conventional SDW state with Fermi pockets. It appears in Fig. 1 as the ground state at large H and x < x_m.

(B) Higgs phase with ⟨N⟩ ≠ 0, but spin SU(2) symmetry preserved because ⟨R⟩ = 0. We can always choose N^ℓ ∼ (0, 0, 1) by a gauge transformation, and we then find that a U(1) subgroup of the SU(2) gauge group remains unbroken because the A^z_μ photon remains gapless. Thus at low energies we have a U(1) gauge theory, and the fermion Lagrangian ~L_ψ in Eq. (3.6) becomes equivalent to L_ψ in Eq. (2.13). Thus this phase reduces to the non-Fermi liquid phase of the U(1) gauge theory, which is the ‘algebraic charge liquid’ of Refs. 8,22,23,24. The fermions have a Fermi pocket dispersion, and the gapless U(1) photon produces non-Fermi liquid behavior at the Fermi surface. This phase is not shown in Fig. 1, but it is a possible ground state for large H near x = x_m. This phase has also played a key role in our previous studies^{8,22,24} of the physics at H = 0, x < x_m, and T ≳ T_c.

(C) SU(2) confining phase: this is the Fermi liquid with the large Fermi surface. We can also think of this phase as the Higgs phase of a condensate which transforms as a

FIG. 2: Mean field phase diagram of SU(2) gauge theory. The phases (A) and (B) are also obtained within the U(1) gauge theory of Section II, as is the transition between them. The phases (C) and (D), and all other transitions, require the SU(2) gauge theory. The Fermi liquid phases (A) and (C) also appear as the non-superconducting ground states in Fig. 1 at large H. The non-Fermi liquid phases (B) and (D) could appear as intermediate phases at T = 0 and large H (they are not shown in Fig. 1). We have argued previously^{8,22,24} that phase (B) describes the crossovers at T > 0, H = 0 for x < x_m in Fig. 1. We suggest here that phase (D) may be useful in the description of the strange metal in Fig. 1; alternatively, as is indicated in Fig. 1, the strange metal may simply be a reflection of the quantum criticality of the transition between the Fermi liquid phases (A) and (C).

SU(2) fundamental i.e. ⟨R⟩ ≠ 0. Also this phase should have ⟨N⟩ = 0 to preserve spin rotation invariance. Note that the condensate of R alone does not break SU(2) spin invariance, because the condensate can be rotated into an arbitrary direction by a SU(2) gauge transformation. This phase appears in Fig. 1 as the ground state at large H and x > x_m.

(D) A novel phase with no fields condensed. This is also an algebraic charge liquid, but there are a triplet of gapless SU(2) photons. The fermions have a large Fermi surface dispersion, with non-Fermi liquid behavior along the Fermi surface; this is in contrast to the small Fermi pockets in phase (B). This phase is not shown in Fig. 1, but like phase (B), it is a possible ground state for large H near x = x_m. The existence of critical behavior across the entire large Fermi surface, with no pocket-like structures, also makes this state a possible starting point for describing the strange metal phase of Fig. 1.

Going beyond these mean-field considerations, it is clear that all these phases are unstable to pairing and a superconducting instability^{8,22,23,24}. However, it is still meaningful to ask whether the metallic states and critical points remain stable, after superconductivity has been suppressed e.g. by an applied magnetic field.

Note that the discussion for phases (A) and (B) reduces to that in the U(1) theory. The stability of these phases was established in Ref. 23, and it was noted that the (A)-(B) transition was in the O(4) universality class.

It is clear that the Fermi liquid state (C) is stable. Let us then consider the transition from state (C) to the SDW state (A). Note that neither of these states have gapless gauge bosons, and both are conventional Fermi liquids. Indeed, the order parameter for the (A)- (C) transition is the vector N^ℓ; we can always choose the gauge R = 1, and then this order parameter is seen from Eq. (3.4) to be the conventional SDW order parameter φ^a. It should now be clear that the effective theory for the (A)-(C) transition reduces to the wellknown Hertz theory^{37}. It is quite remarkable that after the detour to fractionalized degrees of freedom, our theory has produced the same answer as that expected from “Landau- Ginzburg” reasoning. We should note that key open question remain for the Hertz SDW transition in two spatial dimensions: Abanov and Chubukov^{38} have shown that the theory has an infinite number of marginal operators, and the nature of the quantum critical point remains open.

Finally, we turn to the issue of the stability of the non-Fermi liquid phase (D) with gapless SU(2) photons. Corresponding issues have been discussed in the literature^{40} for the non-Abelian gauge theory of quark matter in three spatial dimensions, and we discuss the two dimensional case here. We recall that in the presence of the Fermi surface, the longitudinal component of the SU(2) gauge-boson is Debye screened, leaving only the transverse component at low energies. This transverse component is, in turn, Landau damped, so that the gauge sector of the Lagrangian has a dynamical critical exponent z = 3, rendering the bare self-interactions of the gauge bosons irrelevant. Moreover, a gauge-boson can only interact efficiently with the patch of the Fermi surface that is tangent to its momentum. This interaction is singular enough to destroy the Fermi liquid: at one loop the fermion acquires a self-energy that scales as ω^{2/3}. The form of the one loop effective action leads one to hypothesize an anisotropic z = 3 scaling^{39} under which ω ∼ k^3_‖, k_⊥ ∼ k^2_‖, where k_‖ and k_⊥ are the components of the fermion momentum parallel and perpendicular to the Fermi surface. The self-interactions of the gauge bosons are irrelevant under this scaling as well.

We would like to caution the reader that the above discussion is based on a one-loop analysis. Higher loop diagrams can still cause nonperturbative effects at low energy. In Ref. 41, in order to introduce a small parameter for expansion, the author studied a simplified situation with N copies of identical Fermi patches coupled with a U(1) gauge boson. In the large-N limit the gauge coupling is not flowing under RG and the system has a deconfined phase, which obeys the same scaling as the one loop result. This conclusion carries over directly to the SU(2) case. However, when there is a full Fermi surface even the large-N limit becomes much more complicated. We will leave a more detailed investigation of the stability of the phase (D) to future study.

IV. CONCLUSIONS

The physics of doped antiferromagnets has been a subject of intense study since the discovery of the cuprate superconductors. At low doping in the ordered antiferromagnet, we obtain metallic Fermi liquid states with Fermi pockets. Much theoretical work has focused on the fate of these pockets when the quantum and thermal fluctuations of the antiferromagnetic (or SDW) order start to increase. These issues have usually been addressed^{21,22,23,24,29,30,31,32,33,34} using the strong-coupling perspective of the t-J model, appropriate to a doped Mott insulator. The claimed discovery of electron pockets in the holedoped cuprates^6, suggested^{8,9} that a weak-coupling perspective may also be useful. Here we used the “spin-fermion” model^{27} to provide an efficient derivation of the same effective U(1) gauge theory that appears in the strong-coupling approach. Our new approach had the added advantages of being applicable to arbitrary band structures and ordering wavevectors. The main idea^{8,24,29,30,35} behind our analysis was to transform the electron spin polarization to a rotating frame of reference determined by the local orientation of the SDW order.

In the second part of the paper we addressed the transition from the Fermi pocket SDW state to the large doping Fermi liquid with a large Fermi surface. We showed that such a transition required embedding the U(1) gauge theory into a SU(2) gauge theory. Unexpectedly, the SU(2) gauge theory displayed a direct transition between Fermi liquid states with and without SDW order, which was described by the same effective low energy theory as that obtained by Hertz^{37} and Abanov and Chubukov^{38} . Thus our formalism, expressed in terms of fractionalized degrees of freedom, can also efficiently describe the transition between confining states. The SU(2) theory also allowed for intermediate fractionalized phases between the Fermi liquid states with and without SDW order, as is shown in Fig. 2.

In the cuprates, the possibility remains open that the fractionalized phases of Fig. 2 are present as stable T = 0 phases in high magnetic fields between the under- and over-doped regimes in Fig. 1 (they are not shown in Fig. 1). Irrespective of whether they are present at T = 0, the fractionalized phases provide a useful description of the finite temperature crossovers. We have previously described^{8,9,22,24} the use of the U(1) fractionalized phase (B) in the underdoped regime: we showed that it reproduces all qualitative features of the phase diagram in Fig. 1 for x < x_m, including the crucial shift between x_s and x_m. With the improved formalism presented here for arbitrary band structure and ordering wavevector, we hope that more quantitative tests of this theory will be possible, especially for the fermion spectral functions in the underdoped regime^{22}. Finally, the novel SU(2) fractionalized phase (D) offers a possible framework for developing a theory of the strange metal; such a description would be an alternative to the possibility^9 indicated in Fig 1: the strange metal reflects the quantum criticality between the Fermi liquid phases (A) and (C).

Acknowledgments

We thank A. Chubukov, H. Liu, J. McGreevy, K. Rajagopal, A. Rosch, D. Scalapino, T. Senthil, and Sung-Sik Lee for valuable discussions. This research was supported by the National Science Foundation under grant DMR-0757145, by the FQXi foundation, and by a MURI grant from AFOSR. The research at KITP was supported in part by the National Science Foundation under Grant No. PHY05-51164.

1 N. Doiron-Leyraud, C. Proust, D. LeBoeuf, J. Levallois, J.-B. Bonnemaison, R. Liang, D. A. Bonn, W. N. Hardy, and L. Taillefer, Nature 447, 565 (2007).

2 E. A. Yelland, J. Singleton, C. H. Mielke, N. Harrison, F. F. Balakirev, B. Dabrowski, and J. R. Cooper, Phys. Rev. Lett. 100, 047003 (2008).

3 A. F. Bangura, J. D. Fletcher, A. Carrington, J. Levallois, M. Nardone, B. Vignolle, P. J. Heard, N. Doiron-Leyraud, D. LeBoeuf, L. Taillefer, S. Adachi, C. Proust, and N. E. Hussey, Phys. Rev. Lett. 100, 047004 (2008).

4 C. Jaudet, D. Vignolles, A. Audouard, J. Levallois, D. LeBoeuf, N. Doiron-Leyraud, B. Vignolle, M. Nardone, A. Zitouni, Ruixing Liang, D. A. Bonn, W. N. Hardy, L. Taillefer, and C. Proust, Phys. Rev. Lett. 100, 187005 (2008).

5 S. E. Sebastian, N. Harrison, E. Palm, T. P. Murphy, C. H. Mielke, Ruixing Liang, D. A. Bonn, W. N. Hardy, and G. G. Lonzarich, Nature 454, 200 (2008).

6 D. LeBoeuf, N. Doiron-Leyraud, J. Levallois, R. Daou, J.-B. Bonnemaison, N. E. Hussey, L. Balicas, B. J. Ramshaw, R. Liang, D. A. Bonn, W. N. Hardy, S. Adachi, C. Proust, and L. Taillefer, Nature 450, 533 (2007).

7 S. E. Sebastian, N. Harrison, C. H. Mielke, Ruixing Liang, D. A. Bonn, W. N. Hardy, and G. G. Lonzarich, arXiv:0907.2958.

8 E. G. Moon and S. Sachdev, Phys. Rev. B 80, 035117 (2009). 9 S. Sachdev, arXiv:0907.0008.

10 E. Demler, S. Sachdev and Y. Zhang, Phys. Rev. Lett. 87, 067202 (2001); Y. Zhang, E. Demler and S. Sachdev, Phys. Rev. B 66, 094501 (2002).

11 B. Khaykovich, S. Wakimoto, R. J. Birgeneau, M. A. Kastner, Y. S. Lee, P. Smeibidl, P. Vorderwisch, and K. Yamada, Phys. Rev. B 71, 220508 (2005).

12 J. Chang, Ch. Niedermayer, R. Gilardi, N. B. Christensen, H. M. Rønnow, D. F. McMorrow, M. Ay, J. Stahn, O. Sobolev, A. Hiess, S. Pailhes, C. Baines, N. Momono, M. Oda, M. Ido, and J. Mesot, Phys. Rev. B 78, 104525 (2008).

13 J. Chang, N. B. Christensen, Ch. Niedermayer, K. Lefmann, H. M. Rønnow, D. F. McMorrow, A. Schneidewind, P. Link, A. Hiess, M. Boehm, R. Mottl, S. Pailhes, N. Momono, M. Oda, M. Ido, and J. Mesot, Phys. Rev. Lett. 102, 177006 (2009).

14 D. Haug, V. Hinkov, A. Suchaneck, D. S. Inosov, N. B. Christensen, Ch. Niedermayer, P. Bourges, Y. Sidis, J. T. Park, A. Ivanov, C. T. Lin, J. Mesot, and B. Keimer, Phys. Rev. Lett. 103, 017001 (2009).

15 Wei-Qiang Chen, Kai-Yu Yang, T. M. Rice, and F. C. Zhang, EuroPhys. Lett. 82, 17004 (2008) [arXiv:0706.3556].

16 A. J. Millis and M. R. Norman, Phys. Rev. B 76, 220503(R) (2007) [arXiv:0709.0106]. 17 N. Harrison, Phys. Rev. Lett. 102, 206405 (2009).

18 R. Daou, N. Doiron-Leyraud, D. LeBoeuf, S. Y. Li, F. Laliberté, O. Cyr-Choinière, Y. J. Jo, L. Balicas, J.-Q. Yan, J.-S. Zhou, J. B. Goodenough, and L. Taillefer, Nature Physics 5, 31 (2009).

19 R. Daou, O. Cyr-Choinière, F. Laliberté, D. LeBoeuf, N. Doiron-Leyraud, J.-Q. Yan, J.-S. Zhou, J. B. Goodenough, and L. Taillefer, Phys. Rev. B 79, 180505(R) (2009).

20 L. Taillefer, J. Phys: Condens. Matter 21, 164212 (2009).

21 R. K. Kaul, A. Kolezhuk, M. Levin, S. Sachdev, and T. Senthil, Phys. Rev. B 75 , 235122 (2007).

22 R. K. Kaul, Y. B. Kim, S. Sachdev, and T. Senthil, Nature Physics 4, 28 (2008). 23 R. K. Kaul, M. A. Metlitski, S. Sachdev and C. Xu, Phys. Rev. B 78, 045110 (2008). 24 V. Galitski and S. Sachdev, Phys. Rev. B 79, 134512 (2009). 25 P. A. Lee, N. Nagaosa, and X.-G. Wen, Rev. Mod. Phys. 78, 17 (2006). 26 P. Gegenwart, Q. Si, and F. Steglich, Nature Physics 4, 186 (2008).

27 Ar. Abanov, A. V. Chubukov and J. Schmalian, Adv. Phys. 52, 119 (2003) and references therein.

28 S. Sachdev and T. Morinari, 66, 235117 (2002).

29 B. I. Shraiman and E. D. Siggia, Phys. Rev. Lett. 61, 467 (1988).

30 H. J. Schulz, Phys. Rev. Lett. 65, 2462 (1990); C. Zhou and H. J. Schulz, Phys. Rev. B 52, R11557 (1995).

31 X.-G. Wen, Phys. Rev. B 39, 7223 (1989). 32 P. A. Lee, Phys. Rev. Lett. 63, 680 (1989). 33 R. Shankar, Phys. Rev. Lett. 63, 203 (1989).

34 L. B. Ioffe and P. B. Wiegmann, Phys. Rev. Lett. 65, 653 (1990). 35 J. R. Schrieffer, Journal of Superconductivity 17, 539 (2004); arXiv:cond-mat/0406200. 36 S. Sachdev in Quantum magnetism, U. Schollwock, J. Richter, D. J. J. Farnell and R. A. Bishop eds, Lecture Notes in Physics 645, Springer, Berlin (2004), arXiv:cond-mat/0401041 37 H. v. Löhneysen, A. Rosch, M. Vojta, and P. Wölfle, Rev. Mod. Phys. 79, 1015 (2007). 38 A. Abanov and A. V. Chubukov, Phys. Rev. Lett. 93, 255702 (2004).

39 J. Polchinski, Nucl. Phys. B 422, 617 (1994).

40 T. Schaefer and K. Schwenzer, Phys. Rev. D 70, 054007 (2004); Phys. Rev. Lett. 97, 092301 (2006).

41 Sung-Sik Lee, arXiv:0905.4532 (2009).