arXiv:1108.2945v2 [hep-th] 19 Aug 2011

Chiral Symmetry Breaking in Graphene

Gordon W. Semenoff

Department of Physics and Astronomy, University of British Columbia, 6224 Agricultural Road, Vancouver, British Columbia, Canada V6T 1Z1

Abstract. The question of whether the Coulomb interaction is strong enough to break the sublattice symmetry of un-doped graphene is discussed. We formulate a strong coupling expansion where the ground state of the Coulomb Hamiltonian is found exactly and the kinetic hopping Hamiltonian is treated as a perturbation. We argue that many of the properties of the resulting system would be shared by graphene with a Hubbard model interaction. In particular, the best candidate sublattice symmetry breaking ground state is an antiferromagnetic Mott insulator. We discuss the results of some numerical simulations which indicate that the Coulomb interaction is indeed subcritical. We also point out the curious fact that, if the electron did not have spin degeneracy, the tendency to break chiral symmetry would be much greater and even relatively weak Coulomb interactions would likely gap the spectrum.

1. Introduction

Some of the original work in the prehistory of graphene [1] was motivated by an attempt to find an analog in condensed matter physics of some very nice structures which, in the early 1980’s, had emerged in the study of relativistic quantum field theories in 3 spacetime dimensions. These included the appearance of Chern-Simons terms and topological mass for gauge fields [2] [3], the parity anomaly [4] [5] [6] and the use of the index theorem [4] [7]-[11] to learn about features of the spectrum of the Dirac Hamiltonian. When graphene was discovered and made readily available in the laboratory [12], as luck would have it, many of its features turn out to be well described by free 2+1-dimensional relativistic fermions with an emergent U(4) symmetry. The index theorem plays a role. It determines the degeneracy of the states at zero energy, when the electrons are exposed to an external magnetic field. These states are responsible for the anomalous integer quantum Hall effect [13]-[16], which had an important historical role in that it was the experimental result which drew the attention of the larger physics community as many considered it the smoking gun of relativistic Dirac electrons in graphene. The other effects, the parity anomaly and induced Chern-Simons terms are less directly visible in graphene and have had to await the advent of topological insulators [17]-[20] to come into their own. This is by now well-worn ground, as evidenced by the excellent presentations at this symposium.

What I want to talk about today is another important subject, one of dynamics, the effects of the strong Coulomb interaction in graphene. This dynamics also has an analog in relativistic quantum field theory, and in elementary particle physics, in the study of chiral symmetry breaking. The phenomenon of spontaneous chiral symmetry breaking is one of the cornerstones of our current understanding of the strong nuclear interactions. The approximate chiral symmetry of almost massless quarks is spontaneously broken. Quarks gain mass and the Goldstone bosons are pions which, because the symmetry is not exact, are light but not massless. It is a general view that this spontaneous symmetry breaking is driven by strong gauge field mediated interactions, in the case of quantum chromodynamics, the exchange of gluons. It proceeds through the formation of a mass operator condensate, ⟨ ψ̄ψ ⟩ . This condensate breaks chiral symmetry and fermion masses are the result. This phenomenon is important for the strong interactions, but it could also be more far-reaching, as it is part of the circle of ideas behind some extensions of the standard model, technicolor models being an example.

Being a strong coupling phenomenon, chiral symmetry breaking is notoriously difficult to understand in a quantitative way. The standard quantum field theory tool of perturbation theory is not reliable in the strong coupling regime. One interesting way to gain intuition about chiral symmetry breaking has been to study the analogous phenomenon is simpler models, like 2+1-dimensional electrodynamics.

This toy model of chiral symmetry breaking: [21]-[28] is a 2+1-dimensional quantum field theory with U(N) symmetry: L(x) = N∑ a=1 iψ̄_a(x)γ^μD_μψ_a(x) − N 4g^2

F_{μν} F^{μν} (1)

The minimal representation of the Dirac matrix algebra in three spacetime dimensions is two – the fermions are a doublet spinor representation of the SO(2, 1) Lorentz symmetry. Chirality symmetry in three spacetime dimensions is intimately tied to symmetry under parity and time-reversal. Generally, in any dimension, massless fermions have more symmetries than massive fermions. It is not possible to find a mass term ∼ ψ̄ψ which has all of the symmetries of the kinetic term in the fermion Lagrangian, iψ̄γ^μ∂_μψ. The kinetic term in the three dimensional fermion action are unaffected if we implement a parity transformation by making the replacement ψ(x, y, t) → γ^1ψ(−x, y, t) (2) and change the integration variables accordingly. The kinetic term in the action, ∫ dtdxdy ψ̄iγ^μ∂_μψ (3) is invariant. However, a mass term, which is of the form ∫ dtdxdy mψ^†γ^0ψ (4) changes sign under parity. One can formulate a parity invariant mass term if there is more than one species of fermion. For example, if there were two species and they had opposite signs of mass, so their mass terms were of the form m [ ψ̄_1ψ_1 − ψ̄_2ψ_2 ] (5) we could define a parity transformation by augmenting the transformation in (2) by an exchange of the two species, ψ_1(x, y, t) → γ^1ψ_2(−x, y, t) , ψ_2(x, y, t) → γ^1ψ_1(−x, y, t) The mass term (5) is invariant under this transformation, so parity is restored. On the other hand, the kinetic Lagrangian

ψ̄_1iγ^μ∂_μψ_1 + ψ̄_2iγ^μ∂_μψ_2

has a symmetry of exchanging ψ_1 ↔ ψ_2 which the mass term (5) doesn’t have. This symmetry would actually be a larger continuous internal symmetry U(2) or O(2), depending on whether we are discussing complex Dirac fermions or charge-self-conjugate Majorana fermions.

If, on the other hand, we introduced the ψ_1 ↔ ψ_2 symmetric mass term, M [ ψ̄_1ψ_1 + ψ̄_2ψ_2 ]

it would break parity. There is no way to introduce a fermion mass without breaking either parity or some of the internal symmetry.

The above argument applies equally well if ψ is a complex Dirac fermion or a chargeself-conjugate Majorana fermion. A complex fermion can be written as two Majorana fermions. Let us choose a specific representation for the Dirac matrices,

γ^0 = σ^2 , γ^1 = iσ^3 , γ^2 = iσ^1

where σ^a are Pauli matrices. With this convention, the Dirac equation

(iγ^μ∂_μ + m) ψ = 0

is real, so it is satisfied by both ψ and ψ^∗, the complex conjugate. Then the complex fermion can be written as ψ = 1 √ 2 (ψ_R + iψ_I )

where ψ_R = ψ^∗_R and ψ_I = ψ^∗_I and we can write the action for a complex fermion as the sum of two actions, one for the real and one for the imaginary part, 1 2 ψ̄_Riγ^μ∂_μψ_R + 1 2 ψ̄_I iγ^μ∂_μψ_I We could introduce a parity invariant mass term for this system, m 2 [ ψ̄_Rψ_R − ψ̄_I ψ_I ]

Note that this term can be non-zero, consistent with Fermi statistics. If ψ_R = [ u v ] then m 2 ψ̄_Rψ_R = m uv if u and v anticommute with each other. In terms of the original complex fermion, this mass term is m 2 [ ψ^tγ^0ψ + ψ^†γ^0ψ^∗ ]

which breaks the phase symmetry of the complex fermion. Such a mass term could appear in a superconducting state, for example, if superconductivity were induced in graphene using the proximity effect, it would be possible to have a relativistic mass term without breaking parity. In the following, we are going to always assume that the phase symmetry is not broken. In that case, we can limit the discussion to complex fermions. Then, if this phase symmetry is not broken, the possible mass terms for complex fermions must either break parity or what is generally an internal unitary symmetry. For example, graphene has emergent U(4) symmetry. The phase symmetry corresponding to charge conservation, and which is gauge to get electromagnetic interactions is the U(1) subgroup of U(4). We are assuming that this subgroup survives in any chiral symmetry breaking scheme. The sort of symmetry breaking that we will consider will generally be U(4) → U(2) × U(2) or U(4) → U(1)^4.

The quantum field theory (1) has a dimensional coupling constant, g^2. It is superrenormalizable in that all but a finite number of Feynman diagrams are ultraviolet divergent. However, perturbation theory in g^2 leads to severe infrared divergences

[21]. Moreover, the low energy and momentum limit of the theory is strongly coupled. An alternative, renormalizable expansion can be carried out using the dimensionless parameter^1_N [22]. The theory is solvable in the large N limit, that is, when the number of fermion species N is taken to infinity, and there is a systematic expansion in^1_N . However, in the large N limit, the interaction is of order^1_N and it is too weak to break chiral symmetry. It is thought that, as N is lowered to smaller values, and the interaction gets stronger, it eventually reaches a critical value after which chiral symmetry is broken. Estimates of critical N vary from 1.5-4.5, the spread being a symptom of the lack of accuracy of the large N expansion when N is small. To implement the large N expansion, the fermions are integrated out to produce an effective action

S_{eff} = − N 4g^2 ∫ d^3x F_{μν} F^{μν} − iNTr ln [γ · (i∂ + A)] ≈ − N 4 ∫ d^3xF_{μν} ( 1 g^2 + 1 4 √ −∂^2 ) F^{μν} + interactions (6)

In the remaining perturbation theory, g^2 acts as a cutoff in that is softens the ultraviolet behavior of the effective photon propagator^4_p →^{g2}_{g2+4p}^4_p . To study the behavior of the theory in the infrared, that is where characteristic momenta p^2 << g^4, we could put g^2 to infinity and replace it with another cutoff. The resulting effective theory has a certain resemblance to graphene with a coulomb interaction, where N = 4, as we shall outline below.

In graphene, which is a 2-dimensional hexagonal array of carbon atoms, nature has given us an emergent example of a system of interacting relativistic fermions with U(4) symmetry. Its low energy (< 1ev) dynamics are described by the continuum field theory with action S = ∫ d^3x 4∑ k=1 ψ̄_k [ γ^t(i∂_t − A_t) + v_F ⃗γ · (i⃗∇ − ⃗A) ] ψ_k − ϵ 4e^2 ∫ d^3x F_{ab} 1 2 √ −∂^2 F^{ab} (7)

The non-local nature of the gauge field action is due to the fact that the photon which mediates the interaction between electrons propagates out of the graphene plane, in 3+1- dimensional space-time. This results in the non-local last term in the 2+1-dimensional action (7). The dimensionless constant e is the charge of the electron and ϵ is the dielectric constant which could differ from that of the vacuum if graphene is immersed in another material, or attached to a substrate. In the following, we shall consider this theory at zero density, or the so-called charge neutral point only.

The parameter v_F is the velocity of the massless electron in graphene. It is different from the vacuum speed of light at which the photon propagates (and which we have set to one (h̄ = 1 = c)), in fact^{vF}_c ∼^1_{300} . This makes (7) a non-relativistic field theory, unlike the model (6) which we discussed above. The Coulomb interaction is to a first approximation instantaneous and the magnetic interactions are suppressed by factors of^{vF}_c . Another essential difference from (6) is the coefficient of the nonlocal term in the

Figure 1. A Feynman diagram which contributes to the polarization tensor. The graphene fine structure constant quoted in eq. (8) emerges as a coefficient.

action. In (6) it was fixed by the number of fermions that were integrated out, whereas in (7) it is determined by the dielectric constant of the medium in which graphene is immersed.

Although the graphene model (7) is nonrelativistic, our discussion of chiral symmetry breaking applies to it as well as the relativistic theory. A mass term for the fermion would break either parity symmetry or some of the emergent U(4) symmetry. In fact, at the lattice level, the relevant parts of the U(4) symmetry are replaced by sublattice symmetry - the symmetry of the graphene Hamiltonian under interchanging the two triangular lattices that make up the honeycomb lattice. Breaking this symmetry is intimately related with forming a gap in the fermion spectrum [1].

The nonrelativistic field theory with action (7) is a renormalizable quantum field theory, in the sense that, in perturbation theory in its dimensionless coupling constant e^2, no new counterterms have to be introduced to cancel ultraviolet divergences [42]-[56]. This has been confirmed explicitly up to order two loops. Renormalizing perturbation theory requires a logarithmically divergent counterterm for v_F , which then becomes a scale-dependent parameter, running to larger values in the infrared limit. The perturbative beta function vanishes at the Lorentz invariant limit, v_F = c. It is conjectured that the coupling constant e^2 remains a tuneable parameter so that the theory has a fixed line where it would be a conformal field theory with a tuneable constant e^2. However, if one uses the one-loop beta function, and the known value of v_F at the lattice scale as a boundary condition, v_F runs so slowly that to even get to the order of c/10 requires wavelengths of the magnitude of meters, larger than the length scales achievable in experiments. Moreover, the graphene fine structure constant which controls loop corrections in perturbation theory, is large. α_g ≡ e^2 4πh̄v_F = e^2 4πϵh̄c c v_F ≈ 300 137 (8) This is the constant which occurs in loop integrals for quantities such as the polarization tensor given by the Feynman diagram in figure 1. If the effective coupling constant is really this large, the accuracy of perturbative computations is questionable, at best.

The central question which we shall address in the following is, given that the Coulomb interaction is strongly coupled, whether the interaction is strong enough to break chiral symmetry. Part of the question is to ask whether, if the coupling were variable, there is a critical value of the coupling where a quantum phase transition occurs, particularly to a phase where chiral symmetry is broken. The second question is as to whether the physical parameters of graphene put it in or close to this range. The current experimental status of graphene, where there is no evidence of spontaneous gap formation, at least in the absence of strong magnetic fields [57]-[61], suggests that the answer to the second question is no. If there would be a quantum phase transition, the coupling in real graphene is apparently not strong enough. The fact that it could be close to being strong enough is also tantalizing, as some mechanical or other physical deformation of graphene could then make it closer, and drive it to the phase transition. We will spend the next Section on an attempt to understand why the strong coupling in graphene might be strong enough, and why it might be close, but we do not as yet have a quantitative estimate of how close.

We should mention that this idea has been pursued in some lattice simulations [29]-[38]. It has also been addressed using a lattice strong coupling expansion [39]. These studies do not use the graphene lattice, but a square lattice with magnetic flux to produce relativistic fermions. They seem to answer the question as to whether chiral symmetry breaking would exist in the affirmative. One uncertainty that remains is whether the same results would hold for a honeycomb lattice. One might expect universal features such as critical exponents to be predictable, however the nonuniversal details like the value of critical couplings could differ.

Finally, there is a large N expansion which indicates that sufficiently strong contact interactions could drive chiral symmetry breaking. This fact has been known for a long time in the particle physics literature and it is exploited for the physics of graphene in references [40] [41] [53]-[56]. In references [40] [41], they find that the local onsite interactions are crucial and that the Coulomb interaction makes only a weak modification of the critical behavior which is essentially driven by the point interactions do. This is not a lot different from what we shall find.

Before we proceed, we should mention another idea which has been pursued recently, the use of AdS/CFT holography to study the strong coupling limit of field theories which could be regarded as deformations of graphene. Interestingly, using holography, it is possible to construct two different scenarios[62] [63]. In one [62], there is a strong coupling fixed point for the analog of e^2 where chiral symmetry is broken if e^2 is sufficiently large, and the mass gap is small only if e^2 is tuned to be sufficiently close to this fixed point. In the other construction [63], e^2 is tuneable all the way to infinity and there is no phase transition. Instead the theory is a nontrivial conformal field theory and chiral symmetry is only broken after turning on a dangerous relevant operator, related to the mass operator. Interestingly, the first scenario, where the field theory inhabits a planar defect in a single 3+1-dimensional gauge theory, and where there is a chiral phase transition, bears a certain resemblance to suspended graphene, whereas the second scenario, where the field theory inhabits a planar boundary between two different gauge theories, has a similarity to graphene on a substrate.

2. Strong coupling expansion

If the graphene fine structure constant is really as large as the estimate in (8) perturbation theory is of no use in analyzing the effects of the Coulomb interaction. The alternative of a strong coupling expansion would be the more reasonable approach. Strong coupling expansions of relativistic gauge field theories, once they are regulated by putting them on a lattice, give a nice qualitative picture of confinement. However, they are far from the continuum limit and are notoriously non-universal, particularly for questions involving chiral symmetry breaking, where different definitions of the lattice theory which have the same naive continuum limit, can have wildly different results. However, graphene comes from a lattice to begin with. One could begin with a reasonable estimate of the lattice Hamiltonian of graphene as the starting point for a strong coupling expansion.

We will assume that graphene is modeled by the following Hamiltonian,

H = H_t + H_e (9)

where the hopping term is

H_t = t ∑ A,i,σ ( ψ^†_{σ,A+si} ψ_{σ,A} + ψ^†_{σ,A}ψ_{σ,A+si} ) (10)

and the Coulomb interaction is

H_e = e^2 8πϵa ∑ n u_0 ρ^2_n + e^2 8πϵa ∑ n≠n^′ ρ_n 1 |n − n^′| ρ_n′ (11)

The electron creation and annihilation operators are denoted by ψ^†_{σ,n} and ψ_{σ,n}. They have spin label σ with two spin states σ =↑ and σ =↓ and site label n which can be on either the A or B sublattice. The non-vanishing anti-commutators are {ψ_{σ,n}, ψ^†_σ′_{,n}′ } = δ_{nn}′ δ_{σσ}′ (12) The space of quantum states is a Hilbert space constructed by cyclic action of creation operators on the empty “vacuum” state, |0⟩, which obeys ψ_{σ,n} |0⟩ = 0 for all values of the labels σ and n.‡ We will consider the case where the graphene sample is neutral, that is, half of the available electronic states are occupied. The electron density operator in (11) is given by ρ_n = ψ^†_{↑,n}ψ_{↑,n} + ψ^†_{↓,n}ψ_{↓,n} − 1 (13) The “-1” in the density represents the positive ion which occupies each site of the lattice. The spectrum of the electron charge operator ψ^†_nψ_n is 0, 1, 1, 2 and the spectrum of ρ_n is (−1, 0, 0, 1), according to whether the site is unoccupied, singly occupied or doubly occupied, respectively. Double occupation is allowed by Fermi statistics because there are two spin states.

H_t describes the energy due to tunneling between tight binding states on adjacent lattice sites. A labels a point on sublattice A and the points A + s_i are on sublattice B.

Figure 2. The honeycomb graphene lattice with A and B sublattices depicted by black and white dots, respectively. The sublattices are connected by s_i.

The lattice is depicted in figure 2. It is the continuum limit of H_t which produces the Dirac Hamiltonian which is used for the description of electron dynamics close to the fermi level in graphene. The hopping amplitude in H_t has the approximate magnitude t ∼ 2.7ev. The Coulomb interaction is described by H_e. In H_e, the site labels n and n^′ are summed over both the A and B sublattices and we are using units h̄ = 1 = c. The constant a in the last term is the lattice constant of graphene, a ∼ 2.461Å. We are also using a dielectric constant ϵ. With the dielectric constant of the vacuum, e^2/4πϵ_0a ≈ 5.85ev. If one used the dielectric constant of silicon dioxide, ϵ ≈ 3.9ϵ_0, this characteristic energy would be lower.

We have also modeled the on-site Coulomb interaction with a term which penalizes the state at a given site for having charge, with the same penalty for either positive or negative charge. It could easily be modified to make these different. u_0 parameterizes this on-site Coulomb interaction. The magnitude of^{e2}_{4πϵa} u_0 is in the range ∼ 5 − 10ev. § This should be compared with the kinetic, hopping energy is ∼ 2.7ev.

The presence of u_0 is essential for us. It is important to make the Coulomb interaction kernel positive. To see this, consider the Coulomb energy of an electron and a hole separated by one lattice spacing,

E_{eh} = e^2 4πϵa (−1 + u_0) (14)

The first term with “-1” is the interaction between the electron and hole. At any finite separation, this interaction energy is negative and it goes to zero if they are infinitely separated. The other term, with u_0, is the on-site (self-)energy of the electron and the hole. Physically, it is quite plausible that it takes a finite positive amount of energy to

‡ We are ignoring subtleties of exactly how this Hilbert space would be defined in a system with infinite volume.

§ In a recent paper ([64])^{e2}_{4πϵa} u_0 is estimated to be 9.3ev.

separate an electron and a hole by one lattice spacing. This will only be the case in our model if u_0 > 1. We will assume that this is the case.

The sort of gap generation that we will be looking for is one which breaks the lattice translation symmetry spontaneously. An order parameter for this symmetry breaking is the expectation value of the following operator

H_m = ( ∑ n∈A − ∑ n∈B ) [ μ_0ψ^†_{σ,n}ψ_{σ,n} + ⃗μ · ψ^†_{σ,n}⃗σ_{σσ}′ ψ_σ′_{,n} ] (15)

It was shown in reference [1] that adding H_m to H_t in (10) would lead a mass term for Dirac Hamiltonian (7) which is obtained in the continuum limit of H_t when the system is charge neutral. This sort of mass term is invariant under time reversal and parity, but it breaks some of the emergent U(4) symmetry of the continuum limit. If both parameters μ_0 and |⃗μ| are nonzero, the symmetry breaking pattern is U(4) → U(1)^4. If either μ_0 or |⃗μ| is zero, but the other nonzero, the pattern is U(4) → U(2) × U(2). For the most part, it is the latter symmetry breaking pattern that we shall discuss in the following. At this point, we should note that there are other kinds of symmetry breaking which are possible. These have to do with distortions of the graphene lattice which lead to bond order, like the Kekule distortion. That sort of symmetry breaking is analogous to the Pierls instability of one-dimensional tight binding models and it an important possibility for graphene and some of the interesting consequences have been pursued in a number of works [65]-[67].

Our goal is to find the ground state of the full Hamiltonian in (9). We are not able to find an exact solution. We therefore have to resort to an approximation. Since, as we have argued above, the Coulomb energy is typically larger than the kinetic energy of electrons, we will begin by seeking a ground state of the Coulomb Hamiltonian, H_e.

To do this, we first observe that the charge density operators are Hermitian and, at different sites, they commute with each other, [ρ_n, ρ_n′ ] = 0 (16) Thus, the charge densities, and therefore also the Coulomb Hamiltonian H_e can be simultaneously diagonal. This fact effectively makes finding the lowest energy state of H_e a classical problem - we need only find that classical distribution of unit point charges which minimizes the Coulomb energy. If we consider the fourier transform of the charge density

ρ_n = ∫ Ω_B

d^2k √ Ω_B e^{ik·n} ρ̂(k) (17) where Ω_B is the Brillouin zone of the triangular A sublattice. The Coulomb energy is diagonal in charge densities,

H_e = e^2 4πϵa ∫ d^2k |ρ̂(k)|^2 u_0 2 + ∑ n≠0,n∈A e^{ik·n} [ 1 |n| + cos k · s_1 |n + s_1| ] (18)

The absolute minimum is where ρ̂(k) = 0. This is compatible with the precisely halffilled lattice that we are considering since the constraint of half-filling is ρ̂(0) = 0. This

Figure 3. The lowest energy state of the Coulomb interaction has one electron localized at each site. This is a highly degenerate state as the spins of the electrons are arbitrary.

is the completely neutral state. This neutral state has one electron occupying each lattice site, as in figure 3.

However, we are not finished yet. This is a highly degenerate state, as each electron have either spin polarization, up or down. The state itself is |σ_n⟩ = ∏ n ψ_{σn ,n} |0⟩ (19) where σ_n is the spin orientation at site n. The degeneracy of this state is 2^V where V is the total number of sites. All of these states are insulators. The linear combination of them which becomes is the preferred ground state will also be an insulator. The spectrum of the electron has a mass gap.

As usual, this degeneracy must be resolved in perturbation theory by including perturbations from the kinetic Hamiltonian H_t. The states are mixed at second order in perturbation theory, where H_t can implement transport from a site to a neighbor and then back again. When the process is allowed, second order perturbation theory always lowers the ground state energy. Here, it is allowed when the spin orientation of neighbors is opposite. The result is that the lower energy state is an antiferromagnet. To see this in technical terms, the effective Hamiltonian for the degenerate ground states is H_{eff} = −H_t 1 H_e H_t = −t^2 e^2 4πϵa (u0 − 1) ∑ A,s_i,σ ( ψ^†_{σ,A+si} ψ_{σ,A}ψ^†_{σ,A}ψ_{σ,A+si} + ψ^†_{σ,A}ψ_{σ,A+si} ψ^†_{σ,A+si} ψ_{σ,A} ) (20)

Using the sum rule for Pauli matrices ⃗σ_{σσ}′ · ⃗σ_σ′′_σ′′′ = 2δ_{σσ}′′′ δ_σ′_σ′′ − δ_{σσ}′ δ_σ′′_σ′′′ (21) we can write the effective Hamiltonian as

H_{eff} = t^2

e^2 4πϵa (u0 − 1) ∑ A,s_i ψ^†_{A+si} ⃗σψ_{A+si} · ψ^†_A⃗σψ_A (22) which is the Hamiltonian of the quantum Heisenberg anti-ferromagnet with nearest neighbor coupling. We have dropped terms containing the charge density, as all states that this Hamiltonian would act on are eigenstates of charge density with zero eigenvalue. The magnitude of the coefficient in front of the Hamiltonian is 1ev, which sets the scale of both the ground state energy and the energy of excitations of the antiferromagnet. The ground state of the Hamiltonian in (22) is known to be an anti-ferromagnetically ordered state which breaks the sublattice symmetry. The classical approximation to the ground state of the antiferromagnet with order parameter oriented along the z-axis is |afm⟩ = ∏ A ψ^†_{↑,A} ∏ B ψ^†_{↓,B} |0⟩ (23) In H_m in equation (15), the second term would have non-zero expectation value. The magnitude of this expectation value is somewhat smaller than the coefficient of the effective Hamiltonian in (22).

The Coulomb ground state that we have come up with is identical to the ground state of the half-filled Hubbard model. In addition, the lowest energy charged excitation, depicted in figure 4 is also identical to the lowest energy charged excitation of the halffilled Hubbard model. To describe it and its very low energy dynamics, it is tempting to replace the Coulomb Hamiltonian by the Hubbard model whose Hamiltonian is H = t ∑ A,i ( ψ^†_{A+si} ψ_A + ψ^†_Aψ_{A+si} ) + U 2 ∑ n∈A,B ∑ σ=↑↓ ψ^†_{σn}ψ_{σn} − 1 2 (24)

where U =^{e2}_{4πϵa} [u_0 −1] is the energy of the state in figure 4. The Hubbard model is shortranged. It simply penalizes non-single occupation of sites, in the large U limit, projecting onto singly occupied sites. Note that the Coulomb Hamiltonian is a little stronger than Hubbard in that, for Hubbard the energy of the lowest excitation – the electron-hole pair – is independent of the distance between them, whereas for Coulomb, they have opposite charge and would still attract and would tend to fall together. This should make the ground state that we are discussing more stable for the Coulomb Hamiltonian than for the Hubbard model. It might therefore have a higher critical coupling.

The Hubbard model (24) and the Heisenberg antiferromagnet on a honeycomb lattice have been studied both by analytic and numerical techniques [68]-[72]. It is known that in the limit where U/t → ∞, the ground state – which is effectively the ground state of (??) – has antiferromagnetic order. This is the chiral symmetry breaking state. Our mapping of the Coulomb interaction at half filling onto this class of models would then seem to answer in the affirmative the question as to whether a strong enough Coulomb interaction would break chiral symmetry.

Figure 4. The elementary excitation of the lattice with one electron at each site. The energy of this state is denoted U and is of the order of 10ev.

Indeed, we have thus argued that, when the Coulomb interaction is dominant, the ground state is a spin density wave, which gives rise to a chiral symmetry breaking mass term in the Hamiltonian of the type (15) and the chiral symmetry is broken as U(4) → U(2)×U(2). It is also clear from the numerical studies that when the parameter U/t is small, the hopping dominates the Hubbard model and the system is in a metallic phase, which is the one described by the tight binding model of graphene. In reference [69] the phase transition between these two regimes is estimated to be in the range 4 ≤ U t crit.

≤ 5 (25)

This is very interesting as a rough estimate of this parameter in graphene,^U_t ∼ 2-4 puts it in a regime that is just sub-critical. It is a tantalizing idea that, if graphene could be modified in a some way, perhaps mechanically by stretching it, to increase U/t, this process could drive a quantum phase transition which would result in chiral symmetry breaking.

Even more intriguing is a recent Monte Carlo study of the Hubbard model on a honeycomb lattice which finds an intermediate phase in the region 3.5 ≤ U t ≤ 4.3 (26)

which appears to be an RVB spin liquid [70]. What such a phase would mean for graphene has not been explored yet. We note that we expect that the Mott insulator phase of graphene is well modeled by the Hubbard model. beyond the first phase transition, the long-ranged fields of the Coulomb interaction could well take over and the spin-liquid to metal phase transition might not be accurately described by the Hubbard model.

Figure 5. The charge distribution of the strong coupling ground state of neutral graphene with a single spin is a Wigner crystal where one of the sublattices is completely occupied and the other sublattice is completely empty.

In a certain sense, we have answered the question as to why such a strong Coulomb interaction does not break chiral symmetry in graphene. Even if the coupling is very strong, the first pass at the strong coupling ground state has a uniform charge distribution, no charge density wave and no chiral symmetry breaking. We then need to rely on a subtle effect from degenerate perturbation theory to make the system an antiferromagnet. In fact, the energy scale of the antiferromagnet is t^2/U which is smaller if the coupling U is larger. Put simply, chiral symmetry breaking is charge density wave formation and a strong Coulomb interaction favors a homogeneous neutral state over a charge density wave. We must then rely on more subtle effects to create a spin density wave which is charge neutral.

3. Spinless electrons

To see how results could have been different, consider the case of a half-filled graphene lattice where the electron has one, rather than two spin states. In that case, the density of neutral graphene would have one half of the sites of the lattice occupied. The -1 in the charge density in (13) is replaced by −^1_2 – if the neutral system is to be half-filled, the positive ion residing on each site must have charge −^1_2 . Thus, the eigenvalues of the charge density at a site are never zero - the eigenvalues of ρ_n would be ±^1_2 , depending on whether the site is occupied or unoccupied. This means that there is no charge neutral state. Having no possibility of a neutral state, the electrons do the next best thing, they maximize the effect of electron-hole attraction, which contributes negatively to the energy and is strongest if the electron and hole are on nearest neighboring sites. The Coulomb energy is minimized by the Wigner lattice that is depicted in figure 5. This

Figure 6. Renormalization group flow for graphene with a Gross-Neveu and Coulomb interaction.

state has the same on-site Coulomb energy as any other state (since ρ^2_n = 1/4) and every set nearest neighbors which have opposite charges – and contribute −^{e2}_{4πϵa} to the energy, where a is the lattice spacing.

Since this state has all of the electrons residing on one of the sublattices, it immediately breaks chiral symmetry in the maximal possible way. The hopping term in the Hamiltonian would have to be very large to restore translation invariance and the metallic state in this system. Surely, one-spin-state graphene with other parameters similar would be an insulator.

It is interesting that there is such a difference between the two cases, spinful graphene and spinless graphene. One would be gapless, the other would be gapped and would be a strong insulator. In the low energy limit, the only difference between the two is the U(4) versus U(2) symmetry. It is an open question as to whether one can discern the difference of critical couplings at the level of continuum field theory.

4. Discussion

Coming back to graphene with spin, we observe that, almost for accidental reasons, the most important part of the Coulomb interaction was the short-ranged on-site interaction. The relevance of short-ranged part of the electromagnetic interactions is consistent with renormalization group arguments which show that local 4-fermi interactions dominate the chiral symmetry breaking quantum phase transition [49]. The renormalization group flow, computed in the 2 + ϵ expansion in reference [49] is depicted in figure 6. It shows the Gross-Neveu fixed point which dominates the renormalization group flow when the local point interaction coupling of the Gross-Neveu model (plotted on the horizontal axis) is critical. When the electromagnetic interaction (plotted on the vertical axis) is turned on, it lowers the critical coupling somewhat.

Chiral Symmetry Breaking in Graphene 16

Acknowledgments

The author acknowledges the financial support of NSERC of Canada and the kind hospitality of the Aspen Center for Physics, the KITP Santa Barbara, Galileo Galilei Institute and Nordita, where parts of this work were completed. This document has been given the KITP preprint number NSF-KITP-11-183. Work done at KITP is supported in part by the National Science Foundation under Grant No. NSFPHY05-51164 and in part by DARPA under Grant No. HR0011-09-1-0015 and by the National Science Foundation under Grant No. PHY05-51164.

References

[1] G. W. Semenoff, “Condensed Matter Simulation Of A Three-Dimensional Anomaly,” Phys. Rev.

Lett. 53, 2449 (1984).

[2] S. Deser, R. Jackiw and S. Templeton, “Topologically Massive Gauge Theories,” Annals Phys.

140, 372 (1982) [Erratum-ibid. 185, 406 (1988)] [Annals Phys. 185, 406 (1988)] [Annals Phys. 281, 409 (2000)].

[3] S. Deser, R. Jackiw and S. Templeton, “Three-Dimensional Massive Gauge Theories,” Phys. Rev.

Lett. 48, 975 (1982).

[4] A. J. Niemi, G. W. Semenoff, “Axial Anomaly Induced Fermion Fractionization And Effective Gauge Theory Actions In Odd Dimensional Space-Times,” Phys. Rev. Lett. 51, 2077 (1983).

[5] A. N. Redlich, “Parity Violation and Gauge Noninvariance of the Effective Gauge Field Action in Three-Dimensions,” Phys. Rev. D29, 2366-2374 (1984).

[6] A. N. Redlich, “Gauge Noninvariance and Parity Violation of Three-Dimensional Fermions,” Phys.

Rev. Lett. 52, 18 (1984).

[7] R. Jackiw, “Fractional Charge and Zero Modes for Planar Systems in a Magnetic Field,” Phys.

Rev. D29, 2375 (1984).

[8] M. B. Paranjape, G. W. Semenoff, “Spectral Asymmetry, Trace Identities And The Fractional Fermion Number Of Magnetic Monopoles,” Phys. Lett. B132, 369 (1983).

[9] A. J. Niemi, G. W. Semenoff, “Spectral Asymmetry On An Open Space,” Phys. Rev. D30, 809 (1984).

[10] A. J. Niemi, G. W. Semenoff, “Index Theorems On Open Infinite Manifolds,” Nucl. Phys. B269, 131 (1986).

[11] A. J. Niemi, G. W. Semenoff, “Fermion Number Fractionization in Quantum Field Theory,” Phys.

Rept. 135, 99 (1986).

[12] K. S. Novoselov, A. K. Geim, S. V.‘Morozov, D. Jiang, Y. Zhang, S. V. Dubonos, I. V. Grigorieva, and A. A. Firsov, K. S. Novoselov, “Electric Field Effect in Atomically Thin Carbon Films”, Science 306, 666 (2004).

[13] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, M. I. Katsnelson, I. V. Grigorieva, S. V. Dubonos, and A. A. Firsov, “Two-dimensional gas of massless Dirac fermions in graphene”, Nature 438, 197 (2005).

[14] Y. B. Zhang, Y. W. Tan, H. L. Stormer, and P. Kim, “Experimental observation of the quantum Hall effect and Berry’s phase in graphene”, Nature 438, 201 (2005).

[15] V. P. Gusynin, S. G. Sharapov, “Unconventional Integer Quantum Hall effect in graphene,” Phys.

Rev. Lett. 95, 146801 (2005); 2005).

[16] N. M. R. Peres, F. Guinea, A. H. Castro Neto, Electronic properties of disordered two-dimensional carbon Phys. Rev. B73, 125411(2006); [arXiv:cond-mat/0506575].

[17] C. L. Kane, E. J. Mele, ”Z2 Topological Order and the Quantum Spin Hall Effect”, Phys. Rev. Lett. 95,146802 (2005).

Chiral Symmetry Breaking in Graphene 17

[18] B. A. Bernevig, T. L. Hughes, S.-C. Zhang, ”Quantum Spin Hall Effect and Topological Phase Transition in HgTe Quantum Wells”, Science 314 17571761 (2006).

[19] L. Fu, C. L. Kane, . ”Topological insulators with inversion symmetry”, Phys. Rev. B 76 045302 (2007).

[20] S. Murakami, ”Phase transition between the quantum spin Hall and insulator phases in 3D:

emergence of a topological gapless phase”, New Journal of Physics 9, 356356 (2007). [21] R. Jackiw and S. Templeton, “How Superrenormalizable Interactions Cure their Infrared Divergences,” Phys. Rev. D 23, 2291 (1981).

[22] R.D.Pisarski, ”Chiral Symmetry Breaking In Three-Dimensional Electrodynamics”, Phys.Rev. D29, 2423 (1984).

[23] T. W. Appelquist, M. J. Bowick, D. Karabali and L. C. R. Wijewardhana, “Spontaneous Chiral Symmetry Breaking In Three-Dimensional QED,” Phys. Rev. D 33, 3704 (1986).

[24] T. Appelquist, D. Nash and L. C. R. Wijewardhana, “Critical Behavior In (2+1)-Dimensional QED,” Phys. Rev. Lett. 60, 2575 (1988).

[25] G. W. Semenoff and L. C. R. Wijewardhana, “Dynamical Mass Generation in 3-D Four Fermion Theory,” Phys. Rev. Lett. 63, 2633 (1989).

[26] A. Kocic, S. Hands, J. B. Kogut and E. Dagotto, “The Equation of State and Critical Exponents in Quenched Strongly Coupled QED,” Nucl. Phys. B 347, 217 (1990).

[27] G. W. Semenoff and L. C. R. Wijewardhana, “Dynamical violation of parity and chiral symmetry in 3-D four Fermi theory,” Phys. Rev. D 45, 1342 (1992).

[28] T. Appelquist and L. C. R. Wijewardhana, “Phase structure of non-compact QED(3) and the Abelian Higgs model,” arXiv:hep-ph/0403250, in ”Quantum Theory And Symmetries”, P. C. Argyres, T. J. Hodges, F. Mansouri, Joseph J. Scanio, P. Suranyi, L. C. R. Wijewardhana eds., World Scientific Publishing Company, 2004, pgs. 177-191.

[29] W. Armour, S. Hands and C. Strouthos, “Monte Carlo Simulation of the Semimetal-Insulator Phase Transition in Monolayer Graphene,” Phys. Rev. B 81, 125105 (2010) [arXiv:0910.5646 [cond-mat.str-el]].

[30] W. Armour, S. Hands and C. Strouthos, “Lattice Simulations near the Semimetal-Insulator Phase Transition of Graphene,” arXiv:0908.0118 [cond-mat.str-el].

[31] S. Hands and C. Strouthos, “Quantum Phase Transition in a Graphene Model,” J. Phys. Conf.

Ser. 150 042191 (2009) [arXiv:0808.2720 [cond-mat.str-el]].

[32] S. Hands and C. Strouthos, “Quantum Critical Behaviour in a Graphene-like Model,” Phys. Rev.

B 78 165423 (2008) [arXiv:0806.4877 [cond-mat.str-el]].

[33] J. E. Drut and T. A. Lahde, “Critical exponents of the semimetal-insulator transition in graphene:

A Phys. Rev. B 79 241405 (2009) [arXiv:0905.1320 [cond-mat.str-el]].

[34] J. E. Drut, T. A. Lahde and L. Suoranta, “First-order chiral transition in the compact lattice theory of graphene and the case for improved actions,” [arXiv:1002.1273 [cond-mat.str-el].

[35] J. E. Drut, T. A. Lahde, “Lattice field theory simulations of graphene,” [arXiv:0901.0584 [condmat.str-el].

[36] J. E. Drut, T. A. Lahde, “Is graphene in vacuum an insulator?,” [arXiv:0807.0834 [cond-mat.str-el]. [37] J. E. Drut, T. A. Lahde and E. Tolo, “Signatures of a gap in the conductivity of graphene,” arXiv:1005.5089 [cond-mat.str-el].

[38] J. E. Drut, T. A. Lahde and E. Tolo, “Graphene: from materials science to particle physics,” PoS LATTICE2010 (2010) 006 [arXiv:1011.0643 [hep-lat]].

[39] Y. Araki, “Chiral symmetry breaking in monolayer graphene by strong coupling expansion of compact and non-compact U(1) lattice gauge theories”, Annals of Physics 326 14081424 (2011).

[40] I. F. Herbut, “Interactions and phase transitions on graphene’s honeycomb lattice,” Phys. Rev.

Lett. 97, 146401 (2006) [arXiv:cond-mat/0606195].

[41] I. F. Herbut, V. Juricic, O. Vafek, “Relativistic Mott criticality in graphene”, Phys. Rev. B80, 075432 (2009).

[42] J. Gonzalez, F. Guinea. M. A. H. Vozmediano, “Non-Fermi liquid behaviour of electrons in the

Chiral Symmetry Breaking in Graphene 18

half-filled honeycomb lattice”, Nucl. Phys. B. 424, 595 (1994).

[43] J. Gonzalez, F. Guinea. M. A. H. Vozmediano, “Marginal Fermi-liquid behavior from twodimensional Coulomb interaction”, Phys. Rev. B 59, R2474 (1999).

[44] E. V. Gorbar, V. P. Gusynin, V. A. Miransky, “Dynamical Chiral Symmetry Breaking on a Brane in Reduced QED”, Phys. Rev. D 64, 105028 (2001).

[45] E. V. Gorbar, V. P. Gusynin, V. A. Miransky, I. A. Shovkovy, “Magnetic field driven metalinsulator phase transition in planar systems”, Phys. Rev. B66, 045108 (2002).

[46] D.E. Sheehy, J. Schmalian, ”Quantum Critical Scaling in Graphene”, Phys. Rev. Lett. 99, 226803 (2007).

[47] O. Vafek, M. J. Case, “Renormalization group approach to two-dimensional Coulomb interacting Dirac fermions with random gauge potential”, Phys. Rev. B77, 033410 (2008).

[48] Igor F. Herbut, Vladimir Juricic’, Oskar Vafek, “Coulomb Interaction, Ripples, and the Minimal Conductivity of Graphene”, Phys. Rev. Lett. 100 (2008) 046403.

[49] V. Juricic, I. F. Herbut, G. W. Semenoff, “Coulomb interaction at the metal-insulator critical point in graphene”, Phys. Rev. B80, 081405 (R) (2009).

[50] Igor F. Herbut, Vladimir Juricic’, Oskar Vafek, “Conductivity of interacting massless Dirac particles in graphene: Collisionless regime”, Phys.Rev.B 82, 235402, (2010).

[51] F. de Juan, A. G. Grushin, M. A. H. Vozmediano, “Renormalization of Coulomb interaction in graphene: computing observable quantities”, Phys. Rev. B82, 125409 (2010); eprint arXiv:1002.3111 (2010).

[52] V. N. Kotov, B. Uchoa, A. H. Castro Neto, “Electron-Electron Interactions in the Vacuum Polarization of Graphene”, Phys. Rev. B78, 035119 (2008).

[53] D. T. Son, “Quantum critical point in graphene approached in the limit of infinitely strong Coulomb interaction,” arXiv:cond-mat/0701501.

[54] R. R. Biswas, S. Sachdev and D. T. Son, “Coulomb impurity in graphene,” arXiv:0706.3907 [condmat.str-el].

[55] J. E. Drut and D. T. Son, “Renormalization group flow of quartic perturbations in graphene:

Strong coupling and large-N limits,” Phys. Rev. B 77, 075115 (2008) [arXiv:0710.1315 [condmat.str-el]].

[56] V. N. Kotov, B. Uchoa and A. H. Castro Neto, “1/N Expansion in correlated graphene”, Phys. Rev. B80, 165424 (2009).

[57] V. P. Gusynin, V. A. Miransky, I. A. Shovkovy, “Catalysis of dynamical flavor symmetry breaking by a magnetic field in (2+1)-dimensions,” Phys. Rev. Lett. 73, 3499-3502 (1994).

[58] D. V. Khveshchenko, ”Magnetic-Field-Induced Insulating Behavior in Highly Oriented Pyrolitic Graphite”, Phys. Rev. Lett. 87, 206401 (2001), cond-mat/0106261.

[59] E. V. Gorbar, V. P. Gusynin, V. A. Miransky, I. A. Shovkovy, “Magnetic field driven metal insulator phase transition in planar systems,” Phys. Rev. B66, 045108 (2002). [cond-mat/0202422].

[60] E. V. Gorbar, V. P. Gusynin, V. A. Miransky, I. A. Shovkovy, “Coulomb interaction and magnetic catalysis in the quantum Hall effect in graphene,” [arXiv:1105.1360 [cond-mat.mes-hall]].

[61] G. W. Semenoff and F. Zhou, “Magnetic Catalysis and Quantum Hall Ferromagnetism in Weakly Coupled Graphene,” JHEP 1107, 037 (2011) [arXiv:1104.4714 [hep-th]].

[62] D. Kutasov, J. Lin and A. Parnachev, “Conformal Phase Transitions at Weak and Strong Coupling,” arXiv:1107.2324 [hep-th].

[63] J. L. Davis, H. Omid and G. W. Semenoff, “Holographic Fermionic Fixed Points in d=3,” arXiv:1107.4397 [hep-th].

[64] T. O. Wehling, E. Sasioglu, C. Friedrich, A. Lichtenstein, M. I. Katsnelson, S. Blugel, “Strength of Effective Coulomb Interactions in Graphene and Graphite”, Phys. Rev. Lett. 106. 236805 (2011).

[65] R. Jackiw, S.-Y. Pi, “Chiral Gauge Theory for Graphene”, Phys. Rev. Lett. 98, 266402 (2007). [66] C. Chamon, C. Y. Hou, R. Jackiw, C. Mudry, S. Y. Pi, A. P. Schnyder, “Irrational vs. rational charge and statistics in two-dimensional quantum systems,” arXiv:0707.0293.

Chiral Symmetry Breaking in Graphene 19

[67] C. Chamon, C. Y. Hou, R. Jackiw, C. Mudry, S. Y. Pi, G. Semenoff, “Electron fractionalization for two-dimensional Dirac fermions,” arXiv:0712.2439 [hep-th].

[68] S. Sorella, E. Tosatti, “Semi-metal-insulator transition of the Hubbard model in the Honeycomb lattice”, Europhys. Lett. 19 699 (1992).

[69] T. Paiva, R. T. Scalettar, W. Zheng, R. R. P. Singh, J. Oitmaa, “Ground state and finite temperature signatures of quantum criticality in the Half-filled Hubbard Model on a Honeycomb Lattice”, Phys. Rev. B72, 085123 (2005) [70] Z. Y. Meng, T. C. Lang, S. Wessel, F. F. Assaad, A. Muramatsu, “Quantum spin-liquid emerging in two-dimensional correlated Dirac fermions”, Nature 464, 847 (2010).

[71] Wei Wu, Yao-Hua Chen, Hong-Shuai Tao, Ning-Hua Tong, Mu-Ming Liu, “Interacting Dirac fermions on honeycomb lattice”, Phys. Rev. B82, 245102 (2010).

[72] Guangquan Wang, Mark O. Goerbig, Christian Miniatura, Benot Grmaud, “Emergent spin liquids in the hubbard model on the anisotropic honeycomb lattice”, EPL, 95 (2011) 47013.